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Preface
   The progress and development of chemical industry has been due to the
 improvement of the catalytic system and the innovation of new catalytic reactions
 concerning industrial technologies for a long time. For example, in the history of NH3
 synthesis, Haber found in 1908 thatFe acts as a good catalyst for producing NH3 from
 N2 and Hl2, and then, Bosch and Mittasch found the Fe203•A1203.K20 as a more
 active catalyst in 1909. Their findings and improvement resulted in the industrial use
 of NH3 synthesis in 1910s. It was an epoch in modern chemical industry, By the
 studies in the later years, it was found that the addition of some elements to
 Fe203•A1203•K20 brings about higher activity for producing Mil3 and longer catalytic
 lifetime, In short, catalysis chemistry has been developed along innovation of cataiysts
 with higher activity and better selectivity than known ones as well as the elucidation
 of the mechanism of catalysis.
   The characterization of catalytically active center is necessary to study a catalytic
system, because the analysis of physicochemical properties often uncovers the
behavior of the active species, The structure not only in the surface layer but also in
the bulk phase relates to the generation of catalytic activity, In addition, it is widely
known that the local structure at a molecular-level strongly affects the activity of
active species. The structural analyses ofcatalysts in the surface layer and bulk phase
have been studied so far, and the behavior of the active species has been made clearer.
However, the discussion about the active species and reaction mechanism is
continuing still now in a number of catalytic systems. When the relationship between
the structure of active species and its behavior in catalysis is established, the control
of the catalytic reaction will be achieved. Therefore, much efforts to the
characterization of catalysts has been made by means of many techniques such as
spectroscopy, diffraction, adsorption measurements, electron microscopy,
microanalysis, etc,
   Spectroscopy is one of the most useful technique for structural analyses. In recent
years, structural analysis at a molecular-level by means of spectroscopies has been
applied widely to elucidating the property ofactive sites and mechanisms of catalyses.
Many spectroscopic techniques, XPS, AES, UPS, IR, UV-VIS, XRF, XAFS, Raman,
                                   -i-
 EELS, etc,, has been adopted and applied to a number of studies, because each
 spectroscopy can provide a lot of information of the target atoms or species directly.
 Now the photo-emission in a wide range of energy can be used, and therefore,
 heterogeneous catalysts including almost any elements can be observed now.
    In the study presented in this thesis, ,the author used mainly two spectroscopic
 techniques, i.e., XAFS (X-ray absorption fine structure) and UV-VIS spectroscopies,
 for characterizing the catalytically active species and clarifying the catalytic behavior
 in the two catalyst systems. The XAFS spectroscopy has been widely applied to
 catalysis science since 1980s. The definite parameters of local struetures, symmetry,
 valence, etc. can be obtained directly by XAFS. By use of information on the basis of
 XAFS, the local structure of catalytically active species and the structural changes
 during the reaction can be discussed. On the other hand, UV-VIS spectroscopy, so to
 speak a classical one, has been applied to the investigation of structures for a long
 time. Since the energy of photo-emission is below 6.2 eV, the spectral data reflects
 interatomic or intermolecular electron transition. For example, in a UV-VIS spectrum
 one can observe a the bands due to dd transition in transitional metal ion, charge
transfer between metal ions and its Iigands, and vibration of free electrons in a metal
micro-particles. Thus, the UV•-VIS spectroscopy can be applied to the characterization
widely, although it is not available for characterizing some catalysts in which no
absorption band extsts in UV-VIS region.
   In this thesis, the author applied XAFS and UV-VIS to the characterization of
catalysis systems, In order to clarify the local structure of active species and the
catalytic behavior, structural study of two catalytic systems, i.e., Mo-Mg binary oxides
for metathesis of olefins and Ti02-supported Cu for reduction ofNO, has been carried
out. This thesis is divided into two parts; In part I, characterization of active
molybdenum species in Mo-Mg binary oxide catalysts is described, and in part II,
characterization of active copper species in supported Cu catalysts for deNO
                                                                          x
reactions is described. In addition, structural study ofmolybdenum bronzes, which are
suitable samples for Mo L-edge XANES, is carried out and it is described in appendix
section,
The present thesis is a collection of the studies which were carried out at the
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                        General Introduction
  The characterization ofcatalytically active species is very important for studying
catalysis. It is well known that the structure of solid catalysts in the surface layer or
bulk phase has a strong correlation with the catalytic activity, Thus, the importance
of the structural study in a molecular-level is widely recognized for characterizing
catalytic active species.
  For the structural study, spectreseopy is one of the most effeÅëtive tools. Now, the
application of these spectroscopies is used widely, and revelation of distinct active
species can be expected in many catalytic systems. In particular, XAFS (X-ray
absorption fme structure) study is developed remarkably for the application to
catalytic science, because it is a powerfu1 technique for analyses of local structures
and electronic states. The XAFS is divided in two regions; XANES (X-ray absorption
near-edge structure) and EXAFS (Extended X-ray absorption fine structure). By
EXAFS study, the local structure, i.e., interatomic bond lengths and coordination
numbers of the atom, can be obtained. XANES spectrum is associated with the
excitation process ofa core electron to bound and quasi-bound states, and therefore, it
reflects the electronic states directly, In the recent studies, XAFS is applied to the
characterization of a catalyst not only in a static state but also in a dynamic state,
e.g., being recorded in situ conditions. UV-VIS spectroscopy has been used so far as a
fundamental technique. The UV-VIS spectroscopy measured in a diffuse-reflectance
mode can be applied for characterization ofcatalytie active species in solid catalysts.
In fact, many groups have published the studies about the characterization of active
species in solid catalysts including transitional metal ions. U`V-VIS is a classic
technique, however, it is a usefu1 one to determine the environmental coordination
 and syinmetry around a transitional metal.
   In this thesis, the author focused his attention on the characterization of two
 catalytic systems, i,e,, binary oxide catalysts including molybdenum for olefm
 metathesis and supported copper catalysts for NO reduction, and he applied XAFS
 and UV-VIS spectroscopies to the characterization. The outlines of these
 spectroscopies ate described below.
1. EXAFS
                                    -1-
    Since the detailed theory of EXAFS is published by many reviewsl'3 and books,4
 the fundarnental method or theory is only outlined in this section.
    In the theory ofEXAFS, the analysis studied by Lee et al.1 is widely accepted. The
 following equation has been derived on the basis of a single scattering theory for the
 EXAFS function x(h).
             N•
      x(hÅr = Åí ill f,Åqfe) exp(-26,2k 2) S,Åqh) sin [2kr,+6,Åqh)] (1)
 where Nj is the coordination number of scatterers at the distance of rj•, 6Åqle) the
 backscattering amplitude, 6JÅqh) the scattering phase shift, SjÅqk) the damping factor for
 compensation of the loss by inelastic scattering, and aJ• the Debye-Waller factor which
 is introduced to estimate the damping of the amplitude by the turbulence in back-
 scatterers in the jth shell. The wavenumber, k, can be obtained according to the
 equation;
      k.2npt. (2)
 where h is a Plank's constant, nz the mass of the electron, E the photon energy, and Eo
 the threshold (initial) energy for photoionization.
   The normalized EXAFS, xav), is obtained by subtracting the background from the
 total absorption and by dividing the resultant function, Ap(E), by a smoothed
 absorption, li,(E7). The smoothed absorption is estimated by futing the empirical
formula to background in the region of 30-50 eV above the edge.7 he formula used in
this thesis is
      1-ts(E7)=AlE'2'75 (4)
according to the suggestion by McMaster.5A is a constant to be determined by least-
squares fitting. Then, normalized EXAFS, x(ll), is obtained as
     x(El) = ApCE) / li, CE ) (5)
where Ap(ED is the oscillatory part ofEXAFS.
   The present method of analysis is proposed and applied to the study of V K-edge
EXAFS by Tanaka et al.6
  The normalized EXAFS oscillation is represented as a function of le by assuming
                                    -2
single scattering, as described above. By use of Fourier filtering, an EXAFS function
by a single set ofnear neighbors may be isolated from the total EXAFS function if the
peak in the radial structure function is well resolved. The empirieal phase and
amplitude functions deduced from XA FS data of model compounds may be applied to
the analysis ofXAFS of unlmown samples with the same pair of absorber-scatter by
assuming transferability of the phase shift and amplitude. Parham et al.7 suggested
                                                                          othat distance calculations may readily be made with an accuracy of Å} O.02 A.
Amplitude transferability is less guaranteed and thus obtained coordination numbers
are ]ess accurate, especially in distorted systems such as that expected on dispersed
catalysts. In case of molybdena with Mo06 octahedral units, it is reported that
coordination numbers with uncertainty of Å} 209o can be expected in systems with a
little disorder.7
2. XANES
  Although there is no complete .theoretical analysis methods for XANES spectra,
XANES has become popular for characterization in recent years. XANES is associated
with the excitation process of a core electron to bound and quasi-bound states, where
the bound states are located below the ionization threshold and the quasi-bound
states interacting with the continuum are located above and near the threshold.2
[[herefore, XANES contains an information about the electronic states of the
absorbing atom and the local structure surrounding that atom, although
interpretation of XANES spectra is not straightforward. Since the excitation process
involves multi-electron and multi-scattering effects, interpretation of XANES is rather
complicated.8 There are two typical approaches to the XANES analysis, i.e,, ab-initio
MO theory and multiple scattering theory. The MO theory in condensed systems
employs one-electron approximations based on Hartree, Hartree-Fock and local
density approximations, applied to molecular systems like a finite cluster of atoms
surrounding the absorbing atom. The alternative cluster approach to XANES theory
uses a multiple-scattering approach to solve the one-electron Schr6dinger equation.
  In case that the one-electron picture is valid, an excited electron from a core orbital
behaves as an 'active' electron and remaining ones (in which one electron is come out)
are in a 'passive' state affected by many electron interactions. However, there are
                                     B-
some diffriculties in obtaining one electron functions for the active electron and many
electron functions for the passive electrons. Furthermore, if the one electron picture
does not hold, interaction between the active and passive electrons must be explicitly
taken in account. In this manner, a variety of problem remains about the
interpretations given on XANES spectra. In Japan, the studies ofthe approaches by
means of MO and multiple scattering have been established by Kosugi,8t9 Fujikawa,iO
and other workers.
   wnile, the difference of XANES spectra relates directly to that of local structure
ar)dlor valence of absorbing atoms. And therefore, the XANES spectra is used widely
in characterization of catalytic active species recently, because it can afford
information on the local structure, coordination symmetry, oxidation states, and
furthermore, aggregated states of highly dispersed species on supports, Recently,
deconvolution method ofXANES spectra is applied for characterization of catalysts by
Yoshida et al. as a new technique.ii
3. UV-VIS
   UV-VIS spectra of solids are originated by the interatomic andlor molecular orbital
electren transitions. Absorption frequencies are characteristic of certain
arrangements of molecules and their environments.i2 Even pure compounds give
rather broad absorption bands, and catalysts exhibits even broader spectra. Hence,
the VV-VIS spectra gives the semiquantitative information.
   When using the monochromatized incidence photon, Larnbart-Beer's theory is
applicable in the process ofabsorption, i.e.,
     A (= -log t= -log (Z7Io)) =Ecl (5)
when A is abserbance, t the transmittance, E the molar absorption coeffricient, c (mol
dm'3) the concentration, andl(cm) the length of transmission, It is a fundamental
theory for the spectroscopy in a transmission mode,
   in case of difuse reflectance mode, the spectrum (diffUse refiectance spectra, DRS)
is usually recerded using an integrated spherical photon-analyzer. If the reflectance is
due to the purely cliffuse-reflected photons, the Kubelka-Munk theory is applicable. In
this theory, abscrbance coefficient is represented by the Kubelka-Munk function, i.e.,
4
          ( 1 xd)2
     F(Rd)= 2R, (6)
when Rd is reflectance, and F(Rd) indicates the Kubelka-Munk function, which
parallels to molar absorption, E. 'I[he UV-VIS spectrum is shown generally as
wavelength (X) vs. Kubelka-Munk function Cl7(Rd)).
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Introduction of Part 1
    Molybdenum is one of the most popular elements for many oxide catalysts.
 However, a single oxide, Mo03, is rarely used as a catalyst, because it exhibits a low
 activity for most of reactions and it sublimates at a relatively low temperature. In
 general, molybdenum oxides are used in a state of a supported and mixed oxides for
 catalysts. Since Mo atom is a d6 metal, the cation is stably present as Mo6', but Mo5",
 Moa+, or Mo2" are metastable, From the catalytic viewpoint, the redox performance of
 these ions is important in many catalytic reactions.
    In case of Mo03, each molybdenurn atom is surrounded by a distorted octahedron
 of six oxygen atoms, and every octahedron shares the edges 'and corners with
 neighboring octahedra,i The octahedral Mo06 units in many molybdates, such as
 polymolybdates, molybdic acid, molybdenyl salts, etc., are slightly distorted because of
 the interaction of neighboring Mo-Mo.2 Only molybdenum bronze, A'xMoOy (A' =
 proton or alkaline-rnetal ion), has an axially symmetric octahedron in a layered
structure.3,4 Thus, for structural analysis of Mo06 octahedra, the molybdenum bronze
is one of the suitable reference compounds, as discussed in chapter 3 of this thesis.
   Mo04 tetrahedron unit is found in metal molybdates, in general. The divalent-
metal molybdates are the typical samples including Mo04 tetrahedral unit. The
crystal structures of divalent-metal molybdates are summarized by Matsuura et al.5
The structure of metal molybdate of divalent cation changes according to its ionic
radii. For example, Mg2' (O.6gA), Ni2" (O.6gA), Co2' (O,72A), Fe2' (o.74A), and Mn2'
     o(O.80A) forms or-CoMo04 (consists of Mo04 tetrahedra) or a-MnMo04 (coexist in
tetrahedra and octahedra) structure which have Mo04 unit. For the metal cations
with larger ionic radii than O.9A, i.e., Cd2" (o.97A), Ca2" (O.99A), and Pb2' (1,2oA),
the scheelite type (CaW04 type) structure including Mo04 tetrahedra is the most
stable.
   The difference in the 1oeal structure around Mo ions strongly affect the activity and
selectivity of the catalysts for a variety of reactions, as described in the following
parts.
s
1. Molybdenum oxide as catalysts
  Molybdena in a supported state or mixed with other metal oxides are used as
catalysts for isomerization, oxidation, hydrogenation, desulfurization, metathesis, and
many other reactions. Of these reactions, well known ones are as follows; (1)
hydrodesuifurization over cobalt-molybdate (Co-Mo-O) catalysts, (2) selective
oxidation of olefms over bismuth-molybdate (Bi-Mo-O) catalysts, (3) metathesis
reactions of olefins over supported melybdena catalysts, e.g., MoOYSi02, MoOYAb03,
and Mo03tTi02, In the following seetions, the studies for characterization of the
catalytically active Mo species are summarized.
(1) Cobalt-molybdate as a catalyst for hydrodesulfurization
  Co-Mo-O!A1203 catalyst is used industrially for hydrogenatien (HYD) and
hydrodesulfurization (HDS) of hydrocarbons in petroleum refinery.6 Massoth et al.7
studied the catalytic activity of molybdena on different oxide supports, and showed
that dispersion of Mo is an important key for generation of active sites of HDS and
HYD. Nishiji'ma et al. also presented the relationship between activity and dispersion
of mo!ybdena, and observed two-dimentional polymolybdate structures on Ti02 or
A1203.8 They found that these phases are the most favorable for high HYD activity,
and they proposed that the phase correlates with HDS activity.
   It is clarified defmite}y that the active species of HDS is co-called Co-Mo-S phase
which was found to be present in sulfrided A1203-supported and unsupported Co-Mo
catalysts, as reported by TopsÅëe et al.9,iO They also characterized Co-Mo-S phases by
EXAFS, and proposed that Mo atoms in the phase exist as dispersed species of MoS2-
1ike local structure,ii which is of a prismatic MoS6 octahedron,2 A Co ion is present in
the edge of MoS2,i2 and makes the Mo-S bonds be weaker than those of MoS2.i3
However, the role of cobalt ions in the reaction is still unclear. The reason why Co-Mo-
S phase acts as an active species for HDS is summarized; the formation of active
species for H]DS relates to highly dispersed Co ions in MoS2 phases, and the activity
relates to the effect of support such as activation of Co-S species,6 Recently, the
-9-
detailed structural study of the Co-Mo-S phase has been reported by means of XAFS,
and generation of several types of the phases is proposed.i3 Now, the relationship
between several phases and the HDS activity is being studied. As mentioned above, in
particular, the study intending to elucidate why the Co-Mo-S species is active for HDS
ls now m progress.
(2) Bisntuth-molybdate as a catalyst for selective oxidation
   Seiective oxidation oflight olefms is widely industrialized as the basic unit process
in petrochemistry. For instance, propene is partially oxidized to acrolein pver some
catalysts in practice. In the many processes, acrolein is only an intermediate to yield
acrylie acid, a desired product. In this manner, partially oxidation of olefins is an
tmportant reaction in catalysis chemistry, and bismuth-molybdates are studied and
was used industrially as a practical ones at the early stage.
   Most of binary molybdate catalysts exhibit an activity for oxidation of
hydrocarbons, The activity of the reaction relates to the oxygen atoms even in bulk
phase. For bismuth-molybdates, the relationship between the catalytic activity and
mobility of Iattice oxygens has been studied. In 1970, Keulksi4 and Wragg15 et al.
demonstrated that lattice oxygen in Bi-Mo-O catalysts participates in the formation of
oxygenated compound from propene. Further studies have been revealed the mobility
ofoxygen during the reactions, and it is suggested that the catalytic activity is directly
related to the rate of difftision of the oxide ion through the lattice.i6 It is noted that
lattice oxygens in the bulk phase are defmitely diffused during the reaction for Bi-Mo
binary oxides, which is confirmed by means of 180-exchanging method.i6,i7
  For a structural viewpoint of Bi-Mo-O binary oxides, it is concluded that a few
types of phases, e.g,, Bi2Mo3012 (a-phase), BiiMo206 (B-phase), Bi2Mo06 (ry-phase),
etc., are act as an active center for oxidation.i8 The phase produced depends on the
both atomic composition and preparation temperature.i9 It is summarized that
diffttsivity of lattice oxygen is very different from a phase to phase, and the diffusivity
affects the activity of selective oxidation. For the local structure around Mo ions, or-
phase consists of Mo04 tetrahedra, and yphase consists of Mo06 octahedra. In P
phase, molybdena exist as a mixture of tetrahedra and octahedra. The coexistence of
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these polyhedra induces the generation of oxygen vacancy site and affects the
oxidation activity because of the eniiancement of lattice oxygen diffusion.20 It is
widely accepted that olefins reduce Mo ions deoxygenative!y, and Bi-oxide species play
a role for activation ofoxygen in gas phase and supply the lattice oxygen by diffusion
into the bulk phase.20 The mechanism ofolefm oxidation has been studied up to now.
(3) IV4etathesis reactions ofolefins over supported molybdena catalysts
  Olefm metathesis is one of the most intriguing reaetions in heterogeneous
catalysis. Generally, a high-valent transition-metal oxide exhibits the activity when it
is partially reduced by pre-reduction treatment. Supported molybdena are known as
metathesis catalysts and many papers on it have been published. However, the
reaction mechanism of metathesis is not c}arified satisfactory. While, in case of
supported molybdena catalysts, the mechanism invo}ving metal carbene (alkylidene)
and metallo-cyclobutane is widely accepted.2i,22 This mechanism is proposed in the
study of homogeneous alkene metathesis,23 and it is applied to heterogeneous
catalysts such as Mo(CO)dAl203.24
   It is known that rnolybdena supported on many oxide-supports such as Ti02,
A1203, Si02, ZnO, and Zr02 exhibit the metathesis activity after pre-reduction
treatment, while MgO, Ge02, and Sn02-supported ones are not active, as reported by
Tai)aka et al.25 They found that the metathesis reaction takes place at room
temperature ever rvTi02-supported rnolybdena without side reactions such as
hydrogen scra rnbling or isomerization. They proved that the reaction is stereoselective
and also ofstructure-retaining by using deuterared olefins and proposed a mechanism
including metal}o-cyclobutae intermediated to explain the characteristics of the
reaction.25,26 However, other reaction mechanisms for metathesis are suggested by
some workers. It is recently reported that combination reaction ofcarbenes formed on
the surfaee, is one of the mechanism of metathesis in Mo-metal catalyst, as reported
by Tysoe et al.27,28 In case of photocatalysis, Anpo et al. suggested that oxo-alkylidene
type carbenes should play a role in metathesis.29 Recently, it is noted that non-
transitional metal oxide alse exhibits a photo-metathesis reactivity.30 Thus, it needs
further studies for the clarification of the mechanism of olefin metathesis.
kll-
  So far, several speeies have been proposed as active species for metathesis
reactions over molybdena catalysts. Kazansky et al. reported in the study of
MoOofSi02 catalysts that tetra[hedral Mo4' monoxo-species, which is formed by photo-
reduction of the oxidized catalysts with CO at room temperature, possesses the
highest reactivity, and dioxo-species shows a lower reactivity.3i On the other hand,
Zhang et al. proposed that Mo5+ species is active for metathesis.32 Kadushin et al.
suggested that dimeric Mo5+ is the effective species. Tanaka et at. concluded that
carbene species are formed on either Mo5+ or Mo4+.25 Therefere, a discussion about
the active species with reduced Mo ions is still in progress.
  So far, it is accepted that binary oxides containing molybdenuin are not active for
metathesis but oxidation ofalkenes. Mo-Mg binary oxides, for example, also exhibit an
activity for partial oxidation of olefms, e.g., propene oxidation to acrolein.33 On the
contrary, it is found that propene metathesis takes p}ace by Mo-Mg binary oxides with
higher Mo loadings pretreated with H2 at 773K34 Thus, the structural analysis of Mo-
Mg binary oxides in oxidized and reduced states are important. The author has
carried out the studies about the characterization ofcatalytically active species of Mo-
Mg binary oxides, and describes the results in chapte 1 and 2 in this thesis.
(4) Other reactions
  Supported molybdena are reported to catalyze other reaction, e.g., NO reduction
andlor decomposition over MoOYZr02,35 partial oxidation of methane over
MoOalSi02,36,37 and so on, The development of catalytic application using molybdena
has been continued now.
2. Mo K- and L-eqge XAFS for characterizing molybdenum compounds
  Application of XAFS to the characterization of molybdenum-containing catalysts
were reported in 1980s. A variety of molybdena catalysts used in several reaction
systems have been analyzed and clarified the local structures and crystalline phasesl
In Japan, Iwasawa et al. used the Mo K-edge EXAFS for analyses of Si02-supported
monomer- and dimer- Mo clusters and oxides,38,39 and then, they explained the
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dynamic change of the local structure around Mo ions during the dehydration of
ethanol,40,41 Now, it may be considered that the analyses by them are not guaranteed
and the presented mechanisms can not explained the experimental results
satisfactorily, however, the usefulness of XAFS study is well recognized for
characterization ofcatalytic species by many workers,
(1) Mo K-edge Xal7S
  As mentioned above, the structural studies of active molybdena species m
representative reactions are reported, and detailed discussions are presented about
the catalytic active species.
  In the structural study of Co-Mo-O catalysts for HDS andlor HYD, Johnson et al,
tendered the definite conclusion by Mo K-edge XAFS study.42,43 For Co-MolAlj03
after H2S(109o)IH2 treatment above 673K, the Mo K-edge XANES spectra showed the
existence ofMo4+ ions. They concluded the formation of dispersed MoS2 species in the
lower Mo-loading samples and MoS.Oy sulfided phase ae the plate net dimension m
the higher loading ones.43 Clausen et al.ii reported by the study of Mo K-edge EXAFS
for Co-Mo/A1203 that oxidized and sulfided Mo ions are not greatly infiuenced by the
presence of Co ions. Okamoto et al. elucidated that (1) for CoS.-MoSYNaY catalysts,
the reactivity is maximized at ColMo=1; (2) in the active species for HDS and HYD,
both Mo-Mo and Co-Mo bonds are present; (3) coordinatively unsaturated ions do not
exist in Mo but in Co ions.44 In addition, coordinatively unsaturated Co ion relates to
 the active species for HDS.44 In these studies, it is concluded that reduced Mo ions in
 MoS2-1ike structure are formed by suifUrization, and these Mo species are more
 stabilized by co-existence of Co ions which coordinate to Mo ions during the reaction.
 Recently, the structural studies of a variety of Co-Mo-S(O) phases are reported and
 the relationship between each phase and reactivity of HDS and HYD are discussed by
 many workers. For instance, Bouwens et al,i3,45 analyzed the structure of two types of
 Co-Mo-S phases on A1203 by means ofMo and Co K-edge XAFS, and explained that
 all Co ions are stabilized in Co-Mo-S states, and most likely position for Co ions is in
 front of the square sulfur faces of MoS6 trigonal prisms along the edge of MoS2
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 crystals with two additional S ions or H2S molecules attached. It has been suggested
 that the cooTdination number ofCo ions in Co-Mo-S layers relates to the reactivity.
   As for Mo binary oxide catalysts for selective oxidation, there have been a few
 XAFS studies. In genera], each distinct phase formed in the binary oxides is thought
 to exhibit the catalytic activity respectively, and therefore, the identification of phases
 by XRD has been one of the main themes for these catalysts. However, an amorphous
 phase can not be observed by XRD, and thus, XPS and XAFS studies are also carried
 out. XAFS measurement in a transmission mode can afford the structural information
 of bulk phase in a molecular level for both crystalline and amorphous oxides, In
 particular, the local structure around Mo6+ ions, e.g., Mo04 tetrahedron or Mo06
 octahedron, is an important information to discuss a catalytic activities. Thus,
 Antonio et aL46 studied that the local structure around both Bi and Mo ions for three
Bi-Mo-O phases, i.e., cr- (Bi203nMo03; n=3), 3 (n=2), and y (n=1) phases by Mo K-
 and Bi L- edge XAFS, and the diflrerence of these phases are shown clearly. The
 distorted Mo-06 octahedra exist in or- and 3phases, and Mo-Os (as an average of total
molybdates) exists in vphase. In addition, Bi-Bi coordination, which is assigned to
that found in Bi302, indicates that O vacancy is forrned by coexistence of reduced Bi
ions which have Bi-Bi bonds, It is also concluded that Bi-Os coordination exists
mainly in ct- and B-phases, and Bi-06 coordination with elongated Bi-O bonds exists
partly in yphase.46
   There are several papers investigating the local structure of supported molybdena
by XAFS. The loeal structure of supported molybdena (2 - 10 wt9o as Mo) on typieal
oxide supports, i.e., Si02, A1203, Ti02, and MgO are studied by Shimada et al,47 It is
concluded that monolayered molybdena on Si02 and Ti02 are present as Mo06
octahedra, while those on MgO exist as Mo04 tetrahedra. In case of A1203-support, a
ratio of tetrahedron to octahedron is decreased with increase in Mo loading. Thes6
results are consistent with the conclusion by UV-VIS spectroscopy,48 For Ti02-
supported molybdena, the structure of molybdates and ibs change by addition of
alkaline-ion is studied by Martin et al. The Mo06 octahedra is formed on Ti02 (in 5.8
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wt9o Mo), and tetrahedral species is formed by alkaline-ion doping.49 They concluded
that (1) LitiMo04 phase is formed by addition of Li (1 wt9o) ion; (2) (Mo207yt- chains
exist by addition of Na or K ion; (3) polyrnolybdates such as Rb2iMo301o•H20 and
Rb2Mo40i3 are formed by addition of Rb ion,50 By means of in situ EXAFs study,
prins et aL5i eoncluded the spreading of Mo03 on yA1203, which is prepared from
physical mixture, by addition ofwater vapor, It is noted that the distances ofMo-O
and Mo-Mo changed during the formation ofpolyanions by water addition, and Mo-O-
Al bonds are generated by thermal treatment at 720K.
   In these studies mentioned above, XAFS is applied widely to the characterization
of catalytically active species of many systems. It is concluded that XANES provides
the information of structural symmetry and valence of Mo ions, and EXAFS gives the
structural parameters, i.e., bond lengths and coordination numbers. These
informations are quite usefu1 for clarification of catalytic active species and
determination of local phases.
(2) Mo L-edge XANES
  The white 1ines of Mo L2- and L3-edge XANES are due to electronic transitions
from a core level, ipv2 or 2p3/2, to a vacant 4d state. Teo and Lee proposed that the
contribution of the pd transition to these spectra is about fifty times that of the ps
one,52 Thus, the L-edge XANES straightforwardly reflects the 4d field of Mo, and the
information is the same as that of the pre-peak of K-edge XANES. In general, the
splitting of the white lines reveals the t2geg (for Mo06 octahedron) or et2 (for Mo04
tetrahedron) splitting of 4cl orbitals by the ligand field, and the relative intensity of
the two bands depends on the local syrnmetry ofMo ions.53'55
   For characterization of molybdate species, Mo L-edge XANES study was started
quite recently. Hedman et al.54 were the first presenting the spectra in the study on
materials of biological interest. By using the three types of reference Mo6' compounds,
they showed that the variable splitting in the Mo L2,3-edges reflected the ligand field
splitting of 4al-orbitals defmitely.54 In 1993, Bare et at.55 utilized XANES of MgO-
supported molybdena catalysts, and used for the deterrnination of tetrahedral or
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 octahedral molybdate species including Mo6' ions. It is concluded that isolated Mo06
 octahedron exists mainly in the sarnples below 15 wt9o Mo03, and Me04 tetrahedra
 due to MgMo04 phase is found in the samples above 20 wt%, The structure of
 molybdates in 15 wt9o sample changes from octahedra to tetrahedra by addition of
 water vapor, and the tetrahedra changes to octahedra reversibly by evacuation.54 In
 addition, they applied this technique to characterizing molybdate species on various
 oxide supports. It is revealed that the structures of the hydrated surface molybdena
 species are controlled by the net surface pH at the zero point charge, and the
 structures ofmolybdena are the same as those observed in aqueous solution such as
 Mo042-, Mo70246', and Mos0264-,56 In addition, it is concluded that molybdena
 supported on A1203, Zr02, Ti02, and Nl)20s are isolated and tetrahedrally
 coordinated in low coverages, and polymolybdates are formed on Ti02 and Nb20s in
 high coverages, while coexistence of tetrahedra and oetahedra is seen on AI203 and
 Zr02. Si02-supported molybdena are isolated and exist in both tetrahedral and
 octahedral species.56
   Therefore, the characterization of Mo and other 4d transition metal complexes by
 L-edge XANES spectroscopy is promising for more precise determination of the
symmetry around the target atoms than that by K-edge XANES spectroscopy.57
3. UV-VIS spectroscopy for characterizing molybdenum compounds
   UV-VIS spectra ofheterogeneous catalyst sample are often recorded in the diffuse
reflectance mode. In case of molybdena catalysts, the informations of environmental
eoordination or valence ofMo ions are usefuI. As a problem, detection depth into bulk
phase is unclear in this method, But it is suitable for the structural analysis of Mo
ions which exist only in the surface layer, The diflFuse reflectance UV-VIS spectroscopy
has been applied to the structural analysis of supported molybdena catalytsts
conventionally.
  The Mo6" ion has no d electron, and the assignment of electron transition from the
absorption band is LMCT, 02'-Mo6', From the results of many UV-VIS studies, it is
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generally accepted that tetrahedrally coordinated Mo6" species absorbs the light of
26o - 2go nm, and octahedrally coordinated one absorbs the light of 300 - 330
nm,48,58,59 An additional band at 230 - 240 nm is cemmon to both tetrahedral and
octahedral configurations.48 In case of Mo-polyanion samples, it is concluded that Mo
dispersion (e.g., Mo cluster size and distance between clusters) and Mo-support
interaction exhibit more influence than local symmetry of Mo.58 For the samples
including reduced Mo ions such as Mo5+ or Mo4+, the existence of 4d electrons leads to
strong absorption bands, which is due to dd electron transition, in the visible
spectmm. For example, a band centered at 400 nm suggests the existence of
octahedrally coordinated Mo5' ions, and bands at 350 and 480 - 500 nm are ascribed
to octahedrally coordinated Mo4+ ions, Therefore, VV-V [S spectroscopy can be appliedi
widely for the assignment ofIocal structure or crystalline phases around Mo ions.
   UV-VIS spectroscopy has been used for characterization of catalytically active
species so far. In 1976, Che et al. surmiarized the absorption bands of molybdena on
typical oxide-supports.48 It is concluded that supported molybdates exist as Mo06
octahedra, except for the ease of formation of molybdates such as MgMo04 or
AI2(Mo04ts. Kazansky et al.60•6i reported that UV-VIS is utilized the structural
analysis of active molybdena species for olefin metathesis, and proposed that Mo4"
monoxo-species which is formed by photo-reduction with CO is a precursor of high
active species. Then, they suggested that the absorption band at 580 - 600 nm is
characteristic of x-compexes of olefins with Mo4+ ions, and explained the mechanism
including metallo-cyclobutane during the metathesis reaction.3ii62
Survey of Part 1
  As mentioned above, it is concluded that the activity of molybdena relates
fundamentally to the local structure of molybdena species, e.g., coordination number
of Mo-O and valence of Mo ions. Characterization of these species is necessary to
clarify the catalytic performance. On these backgrounds, the structural analyses of
molybdena catalysts have been applied, In this thesis, the author chose the Mo-Mg-O
system, whose binary oxide exhibits an activity for oxidation of propene33 and no
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activity for olefin metathesis.25 Recently, it is reported that reduced Mo-Mg-O
catalysts with high Mo amount exhibit a metathesis activity.34 The author has studied
the local structure of Mo-Mg-O with various Mo amounts, and obtained a structural
information of active species for metathesis by means ofMo K-, L-edge XAFS and UV-
VIS spectroscopy.
   In chapter 1, Mo K-edge XAFS is applied to Mo-Mg-O binary oxide catalysts with
various Mo amounts in oxidized and reduced states, and structural information in
bulk phase is obtained. From these results, the correlation between the structure in
the bulk phases and metathesis active species is discussed. In chapter 2, the structure
of Mo species in near-surface region is analyzed by Mo L-edge XANES and UV-VIS
spectroscopy, and the role of surface Mo species for metathesis active speeies is
discussed. In Mo L-edge XAFS study in this chapter, local symmetry ofmolybdenum
is focused on the discussion, and therefore, molybdenum bronze is one of the suitable
compounds because it has an axially syrnmetric Mo06 octahedron. Thus, the structure
ofhydrogen molybdenum bronzes (HbeMo03) is elucidated by Mo K-edge XAFS study,
and c}aiified the more detailed structure around Mo ions, as mentioned in the
'appendix' section.
References
(1) Cotton, F.; Wilkinson, G, InAdv. Inorg. Che,n. (4th ed.); Interscience: New
York, 1980, p 847.
(2) Goodenough,J. B. In Proc. Climax 4thlnt. Conf Chemistry and Uses of
Molybdenum, Ann Arbor, Michigan, 1982: (H. F. Barry and P. C. H. Mitchell, Eds.;
Climax Molybdenum Co., 1982), , p 1,
(3) Sotani, N,;Eda, K.; Kunitomo,M. J. Chem. Soc. Faraday Trans. 1990, 86(9),
1583.
(4) Dickens, P. G.;Neild, D. J. In Proc. Climax 2nd Int, Conf Chemistryand Uses
ofMolybdenum, Oxford, 1976: (P. C. H. Mitchell and A. Seaman, Eds.; Crimax
Molybdenum Co., 1976), , p 134.
(5) Matsuura, I. Shokubai (Catalyst) 1979, 21, 409 (in Japanese).
(6) Okamoto, Y. Shokubai (Catalyst) 1996, 38(V, 26 (in Japanese).
                                  -18-
(7) Massoth,RE.Adv. Catal. 1978, 265.
(s) Shimada, H.; Sato, T.; Yoshimura, Y.; Hiraishi, J.; Nishij ima, A. J. Catal. 1988,
110, 275,
(g) Wivel, C.; Candia, R.; Clausen, B. S.; MÅërup, S.; TopsÅëe, H, J. Catal. 1981, 68,
453.
(10) TopsÅëe, H.; Clausen,B. S.; Candia, R.;Wivel, C.;MÅërup, S. J. Catal. 1981, 68,
433.
(11) Clausen, B. S.; TopsÅëe, H,; Candia, R.;Villadsen, J.; Lengeler, B.;Als-Nielsen,
J.; Christsen, F. J. Phys. Chem. 1981, 85, 3868.
(12) TopsÅëe, N.; TopsÅëe, H J. Catal. 1983, 84, 386.
(13) Bouwens, S, M. A. M.; van Zon, E B. M.; van Dijk, M. P.; van der Kraan, A M.;
de Beer, V, H, J.; van Veen, J. A. R.; Koningsberger, D. C. J. Catal. 1994, 146, 375.
(14) Keulks, G. W. J. Catal. 1970, 19, 232.
(15) Wragg, R. D.;Ashmore,P. R.; Hoekey,J. A. g. Catal. 1971, 22, 49.
(16) Keull{s, G. W.; Krenzke, L. D. InProc, 6th Int. Congr. Catal., London, 1976:(G.
C. Bond, P. B. Wells and F. C, Tompkins, Eds,; The Chemical Society, 1976), vol, B, p
20.
(17) Moro-oka, Y.; Ueda, W.;Tanaka, S.; Ikawa, T. In Proc. 7th Int. Congr. Catal.,
Tokyo, 1980: (T. Seiyama and K. Tanabe, Eds.; Kodansha-Elsevier, 1980), vol. B, p
1086.
(18) Egasira, M.;Matsuo, K.; Kagawa, S.; Seiyama, T. J. Catal. 1979, 58, 409.
(19) Bleijenberg, A. C, A. M. J. Catal. 1965, 4, 581,
(20) Moro-oka, Y.; Ueda, W.Adv. Catal, 1994, 40, 233.
(21) Mol, J. C.; Mou}ijn, J.AAdv. Catal. 1975, 24, 131.
(22) Kazut4, M.;Tanaka, K. J. Catal, 1990, 123, 164.
 (23) Banks, R, L,; Bailey, G. C. Ind. Eng, Chem., Prod. Res, Develop. 1964, 3, 170.
 (24) Brenner, A.;Burwell Jr.,R L. J. Catal. 1978, 52, 1978.
 (25) Tanaka, K,; Miyahara, K; Tanaka, K In Proc, 7th Int. Congr. Catal,, Tokyo,
 1980: (T. Seiyama and K. Tanabe, Eds,; Kodansha-E!sevier, 1980), vol. B, p 1318.
 (26) Tanaka, K; Miyahara, K.; Tanaka, K J, Mol. Catal. 1982, 15, 133.
 (27) Bartlett, B.; Shneerson, V.; Tysoe,W. T. Catal. Lett. 1995, 32, 1.
 (28) Wang, L. P.; Soto, C.; Tysoe, W. T. cJ. Catal. 1993, 143, 92•
-19-
(29) Anpo, M,; Kondo, M.; Kubokawa, Y.; Louis, C.; Che,M. J. Chem, Soc. Faraday
Trans. 1 1988, 84(8Z 27714
(30) Yoshida,H.;Tanaka, T.;•Matsue, S.;Funabiki, T.; Yoshida, S. J. Chenz, Soc.,
Chem. Commun, 1995, 761.
(31) Vikulov, K. A.;Elev, I. V.;Sheltmov,B, N.; Kazansky,V. B. J. Mol. Catal. 1989,
55, 126.
(32) Zhang, B.; Li, Y.; Lin, Q.; Jin, D. J, Mol. CataL 1988, 46, 229.
(33) Yun, Y.; Ueda, W.; Moro-oka, M, In Preprint ofthe 72nd Annual Meeting ofthe
Catalysis Societor ofJapan,, Nishinomiya, 1993: (C. S, Jpn., Eds,; Catal. Soc. Jpn.,
1993), , p 470.
(34) Hasegawa, S.; Tanaka, T.; Kudo, M.; Mamada, H.; Hattori, H.; Yoshida, S.
Catal. Lett, 1992, 12, 255,
(35) Tanabe, K; Ikeda, H.; Iizuka, T.; Hattori, H. React. Kinet. Catal. Lett. 1979, 11,
149.
(36) Bafiares, M. A.; Fierro, J. L. G,; Moffat, J. B. J. Catal. 1993, 142, 406.
(37) Liu, H. F.; Liu, R. S.; Liew, K, Y,; Johnson, R. E.; Lunsford, J. H, J. Am. Chenz.
Soc. 1984, 106, 4117,
(38) Iwasawa, Y.;Nakano, Y,; Ogasawara, S. J. Chem. Soc., Faraday Trans. 1 1978,
74, 2968.
(39) Iwasawa, Y,; Ogasawara, S.;Sato, Y.; Kuroda, H. In Proc. Climax 4th Int. Conf
Chemist,rv and Uses ofMolybdenum, Ann Arber, Michigan, 1982: (H. F. Barry and P.
C. H. Mitchell, Eds.; Crimax Molybdenum Co., 1982), , p 283.
(40) Iwasawa, Y.;Yamagishi, M. J. Catal. 1983, 82, 373.
(41) Iwasawa, Y.Adv. CataL 1987, 35, 187.
(42) Chiu, N.-S,;Bauer, S, H.; johnson, M. F. L. g, Catal. 1984, 89, 226.
(43) Chiu, N.-S.;Bauer, S. H.; Johnson, M. F, L, J. Catal. 1986, 98, 32.
(44) Okamoto,Y, Appl, Surf Sci. 1996, inpress.
(45) Bouwens, S. M. A. M.; van Veen, J. A. R.; Koningsberger, D. C.; de Beer, V. H.
J.; Prins, R, J. Phys, Chem. 1991, 95, 123.
(46) Antonio, M. R.; Teller, R. G.;Sandstorm, D. R.;Mehicic, M.; Brazdil, J, F. J.
Phors, Chem. 1988, 92, 2939.
(47) Shimada, H.; Matsub ayashi, N,; Sato, T, ; Yoshimura, Y. ; Nishiy ama, A. ;
-20-
Kosugi, N.; Kuroda, H. cJ. Catal. 1992, 746.
(48) Che, M.; Figueras, F.; Forisser, M.; McAtter, J.; Perrin, M.; Portefaix, J. L;
Praliaud, H. In Proc. 6th lnt• Congr. Catal., London, 1976: (G. C. Bond, P. B, Wells
and F. C. Tompkins, Eds,; The Chemical Society, 1976), vol. 1, p 261.
(4g) Markin, C,;Martin, I.; Rives, V. J, Catal. 1994, 147, 465.
(so) Martin, C.;Martin, I.; Rives, V.; Maret, P. J. Catal. 1996, 161, 87.
(51) Kisfaludi, G.; Leyrer, J.; KnOzinger, H.; Prins, R. J, Catal. 1991, 130, 192.
(52) Teo, B. K.; Lee, P. A, J. Anz. Chem, Soc. 1979, 101, 28!5.
(53) Evans,J.; Frederiek,W.; Mosselmans, W. J, Phys. Cherrt. 1991, 95, 9673.
(54) Hedirian, H.; Frank, P,; Gheller, S. F,; Roe, A. L,; Newton, W. E.;Hodgson, K.
O. J. Am. Chem. Soc, 1988, 110, 3798.
(55) Bare, S. R,; Mitchell, G, E.; Maj, J. J.; Vrieland, G. E.; G!and, J. L, J. Phys.
Chem. 1993, 97, 6048.
(56) Hu, H,; Wachs, I. E.; Bare, S. R. J, Phys. Che,n, 1995, 99, 10897.
(57) Yoshida, S.; Tanaka, T. rn X-ray Absorption Fine Structure for Catalblsts and
Surfaces; Y, Iwasawa, Ed.; World Scientific, Co,: Danvers, 1996; Vol. 8; p 304.
 (58) Fournier, M.; Louis, C.; Che, M.; Chaquin, P.; Masure, D. J. Catal. 1989, 119,
 400.
 (59) Prialiaud, H. InProc. Clinzax 3rd Int. Conf. ChemistTyand Uses of
 Molybdenum, Ann Arbor, Michigan, 1976: (P. C. H. Mitchell and A. Seaman, Eds.;
 Climax Molybdenum Co., 1976), , p 195.
 (60) Shelimov, B. N.;Elev, I, V.; Kazansky, V, B. J. Catal, 1986, 98, 70.
 (61) Elev, I. V.; Shelimov, B. N.; Kazansky, V. A, J. Catal. 1988, 113, 229.
 (62) Kazansky, V. B.; Shelirnov, B. N.; Vikulov, K. A. In Proc. 10th Int, Congr.
 Catal., Budapest, 1992: ; Elsevier, 1992), , p 515.
-2 1-
Chapter 1
Mo K-edge XAFS Study of Mo-Mg Binary Oxides for Characterization of
Active Mo Species in the Bulk Phase for Olefin Metathesis
Abstract
  The local structure around Mo atoms in Mo-Mg binary oxides has been
investigated by X-ray absorption spectroscopy at Mo K- and Mg K- edges. XANES and
EXAFS spectra show that the binary oxides have a tetrahedral Mo04 unit in the
samples with a (Mol(Mo+Mg)) ratio less than O.5, and an octahedral Mo06 unit in the
samples with a higher ratio. By H2-treatment at 773K, a molybdena-rich binary oxide
was easily reduced to form Mo02 phase, which was not detected by XRD but was by
EXAFS. It is concluded that the reduced oxide contains Iow valent Mo ions in the
Mo02 phase and the ions work as an active center for propene metathesis.
-22-
introduction
  Supported and mixed molybdenum oxides catalyze a variety of reactions such as
oxidation, hydrogenation, and metathesis. From these reactions, the olefin metathesis
takes readily place over Si02, A1203, or Ti02-supported Mo03 when the sample is pre-
reduced.i-3 On the other hand, MgO-supported Mo03 does not exhibit a metathesis
activity.4 Characterization studies ofMgO-supported Mo03 catalysts have shown that
most Mo ions loaded on MgO are stabilized as Mo04 tetrahedra, attributed to the
formation ofmagnesium orthomolybdate (MgMo04) by calcination.5J7 The formation of
such species has also been observed for mechanical mixtures of Mo03 and MgO
calcined at low temperature.8 In addition, the Mo ions have been found to be present
not only in the surface layer ofMgO but also in the bulk, indicating that the Mo ions
diffUse easily in MgO. 'Iiherefore, MgO-supported Mo03 may be the same as Mo03-
MgO binary metal oxide in nature. This might be the reason why MgO-supported
Mo03 does not exhibit a metathesis activity despite the presenee of Mo04 tetrahedra
which are often regarded as a precursor of the active species for olefin metathesis;
most of the active species are buried in the bulk. However, it has been reported that
Mo-Mg binary oxide exhibits a catalytic activity for partial oxidation, e,g., oxidative
dehydrogenation of butane to butene and butadiene,9 and ethylbenzene to
styrene.10,11 In these studies, the Mo ions were proposed to be responsible for the
oxidation. These results strongly suggest that the inactivity of MgO-supported Mo03
for the olefm metathesis does not result only from the bulk diffusion of Mo ions in
MgO but from another reason related to the electronic states andlor the particular
structure ofmolybdate species.
   Recently, we have studied the structure and catalytic activity of Mo03-MgO binary
oxides with various Mo contents. In that work, we have found that highly
molybdenum-containing Mo03-MgO (Mol(Mo+Mg)=O.6-O.7) pretreated with hydrogen
 at 773K exhibits a high activity for propene metathesis,12 although Mo03 itself waS
 almost inactive. This is a very significant fmding because Mo03-MgO was thought to
 be inactive for the olefm metathesis and the nature of the active species must be
-23-
reexamined since it is hardly acceptable that the binary oxide with a high Mo ratio
(Mol(Mo+Mg)=O.6-O.7) has Mo04 tetrahedra.
  There have been a few structural studies on Mo03-MgO binary oxides so far. A Mo
L2,3-edge XANES study of the local structure of MgO-supported Mo03i3 showed that
the molybdenum species are stabilized on MgO as Mo06 octahedra in a sample of low
Mo content, and Mo04 tetrahedra are formed at a relatively higher content ofMo (- 15
wt9e).i3,i4 'IVhis result is inconsistent with the studies by dffuse reflectance UVMS
spectroscopy5,i5 and Raman spectroscopy,i6 in which it was concluded that
tetrahedral molybdate is stabilized onto MgO at low content ofMo ions.
   Some of the results mentioned above are inconsistent with each other and hence
the local structure of the species on Mo03-MgO is still unclear. A more detailed
structural study is called for. The present paper is devoted to a clarification of the
structure of Mo03-MgO by Mo K-edge and Mg K-edge XAFS spectroscopy. In the
sample, several molybdates and magnesium oxides are present as a mixture, so that
the definite structure of these species and parameters such as coordination numbers
and bond lengths can not be obtained precisely. Here, we focused the discussion on the
structural change by the reduction of the binary oxides which show the o]efm
metathesis activity.
Experimental
  Materials and Preparation Methods. Mo03-MgO samples, ranging in molybdenum
content from O,1 to O.9 by atomic ratio ix=Mol(Mo+Mg)), were prepared by a solution-
evaporation method as follows. A given amount of (]N[H4)6Mo7024'4H20 (Nacalai
Tesque) was dissolved in distilled water. Then a given amount of MgC126HllO
(Nacalai TesqueÅr was added slowly to the solution at 353K with stirring to form a
slurry. [Phis slurry was kept with stirring for about 8 h to evaporate excess water to
form a paste. The obtained paste was dried overnight at 343K and calcined in air at
873K for 3 h. The atomic ratio of molybdenum atoms ix) was determined by ICP
(Inductively Coupled Plasma) emission spectroscQpy, and is shown in Table 1. The
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values determined by ICP are consistent with these in the starting solutions,
indicating no sublimation ofMo03 in the calcination procedure,
  Reduction ofMo03-MgO sarnples was carried out by evacuating at 773K, followed
by treatment with H2 gas (100 Torr) at 773K for 1 h, trapping resultant water into a
liquefied N2 cold trap. Finally, the samples were evacuated at 773K for 1 h.
  X-ray Diffraction. Crystalline phases were analyzed by a Rigaku RINT-1300
                                                                      ppowder X-ray diffractometer with monochromatized Cu Kai radiation (1,5406 A).
Identification of crystalline phases from diffraction patterns was done with the aid of
JCPDS fdes.
   X-ray Absorption Measurements and Analyses. The measurement of the Mo K-edge
XANES and EXAFS spectra of these samples were carried out at the BL-10B station
with a Si(311) double crystal (d=1.6375A) monochromator at the Photon Factory in
the National Laboratory for High Energy Physics (KEK-PF) with a ring energy of 2.5
GeV and stored current of 150 - 190 mA in the transmission mode in air at room
temperature. Incident X-ray flux and transrnitted flux were measured with ionization
chambers in which argon and krypton gases are flowing at 1 atm. The spectra were
measured with energy steps of ca. O.3 eV at the Mo K-edge (20.002 keV).
   The measurement of Mg K-edge XANES spectra was carried out at the BL-7A
                                                                       e
 station with soft X-ray beamline with a beryl double crystal (d=7.9825A)
 monochromator at UVSOR in the Institute for Molecular Science, with a ring energy
 of 750 MeV and stored current of 80 - 190 mA in the total electron yield mode. Each
 energy step was ca. O.25 eV at the Mg K-edge (1,303 eV). Each sample was mounted
 on the first dynode of the electron multiplier in an ultra high vacuum system (Åq1.0Å~
 10'7 Torr), and the spectrum was recorded at room temperature, Incident X-ray flux
 was measured with gold-mesh transmitting 80 9e of X-ray at the same time as an
 electron yield.
   Computational analyses for these spectra were performed with the FACOM M382
 computer system at the Data Processing Center of Kyoto University. Each spectrum
 was normalized to the height of the edge jump after removal of the contribution from
 absorptions other than the K-edge absorption, as described elsewhere.i7 'lhe k3-
 weighted EXAFS were obtained from normalized EXAFS spectra, and Fourier-
-25-
Table 1 Contents of Mo atom in Mo03--MgO samples,
                   JMo ratio (x)a) corresponded l' Mo ratioa) of Mo03-MgO























a) value of Mol(Mo+Mg).
Table 2 Crystalline phases of Mo03-MgO (calcined at 873K)



































a) Compounds in parentheses are only a minor species.
b) Orthorombic, c) Monoclinic. d) Triclinic.
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   Fig. 1 shows the X-ray diffraction patterns of the prepared samples of x
(Mol(Mo+Mg)) =O.3, O,5, O.7 and O.8; and Mo03, and the identified crystalline phases
are summarized in Tab}e 2. The diffraction pattern of Mo03 exhibits peaks at 2e=12.7,
23.3, 25.7 and 27.3 degrees, which arise from diffraction from (020), (110), (040) and
(021) planes of orthorhombic Mo03, respectively. This Mo03 phase was observed for
the samples ofxÅrO.6 (Table 2), In these samples, the Mg2Mo30n phase is present
besides Mo03, It is noteworthy that weak peaks due to a MgMo207 phase were
observed in the samples of x=O.6 and O.7. ']these samples exhibit activity for
metathesis reaction by treatment with H2.i2 The diffraction patterns for the samples
 after treatment with H2 at 773K were also recorded. The pattern did not include
 diffraction 1ines due to Mo03 and MgMo207 and the intensity of the peaks due to
 Mg2Mo30n was significantly reduced. The results indicate that part of the binary
 oxides ofx=O,6 and O.7 became X-ray arnorphous by Hl] treatment at 773K
   For the samples of x$O.5 which have a low activity for metathesis reaction, only
 the crystalline phases ofMgO and MgMo04 were detected by XRD. These phases did
 not disappear by the Hl] treatment, indicating that MgO and MgMo04 are
 substantially stable after treatment with H2.
 (2) IVear-edge Spectra nvES) ofOxidized Samples.
    Fig, 2 shows the normalized Mo K-edge XANES of reference compounds. The
 spectrurn of MgMo04 which has a tetrahedral Mo04 Td-structure exhibited a peak
 centered at 19,995 eV (pre-peak), which is attributed to ts-4d transition,i8 and broad
 bands (resonance peaks) above 20,OIOeV. The pre-peak is presumab}y caused by
 mixing of the Zp orbitals of oxygen with the 5p and tld orbitals ofmolybdenum,i9 and









































Fig. 1 X-ray diffraction patterns of Mo03-MgO.
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Fig. 2 Mo K-edge XANES spectra ofreference compounds.
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Fig. 3 MoK-edgeXANES spectraofMo03-MgO
     calcined at 873K.
     a) the ratio of Mo/(Mo+Mg).
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the probability of this transition is much higher than that of ts-4cl allowed quadrupole
transition.20 Such mixing does not occur for a regular octahedra} Mo06 structure. For
a distorted octahedra, however, the d-p mixing can occur although to a smaller extent
than in the case of Td structure. For the samples of Mo02(acacb, ammonium-
heptamolybdate and Mo03 (shown in Fig, 3) which have a distorted Mo06
octahedron,2i the pre-peaks are also found, and the relative intensity (peak height) is
smaller than that of MgMo04, In the case of the reference compounds with Td-
symmetric Mo04, such as Na2Mo04, K"vCo04 and CaMo04, the XANES pre-peak is
similar to that ofMgMo04•
  The XANES spectra of the prepared samples calcined at 873K are shown in Fig. 3,
For the samples ofxEO.5, the XANES spectra resemble each other, and are almost
identical to that of MgMo04. XANES spectra of the samples with higher x are more
similar to that of Mo03 with an increase in x. These results suggest that the local
structure around a Mo ion in the Mo-Mg binary oxides is Mo04 tetrahedral, and that
a Mo06 octahedron is generated at xÅrO.5.
   In order to obtain information about the local structure around the Mg atoms,
measurements of Mg K-edge XANES spectra were also carried out. These are shown
in Fig. 4. For bulk MgO with a symmetric Mg06 Oh-structure, a sharp peak at 1309.9
eV is seen. This peak is not a so-called pre-edge peak, but due to a ls-3p transition as
reported by Yoshida et al,22 although the definite assignment ofthe peak has not been
established. Therefore, when Mg ions are located at a highly symmetrical center, the
3p orbitals of Mg are degenerated resulting in a sharp and narrow XANES peak. For
the Mo-Mg oxide samples, it is evident that the spectra can be classified into two
types. For x below O.3, the spectra are simjlar to that of MgO, while for xÅrO,3, the
spectra resemble each other and that ofMgMo04. The spectrum of the x=O.3 sample
has an intermediate feature between those of MgO and MgMo04. In fact, the
spectrum can be almost reproduced by superposition of the spectrum of MgO
multiplied by O,7 and that ofMgMo04 by O.3. In the case of MgMoOip Mg ions are
surrounded by eight oxygen atoms, while, in case of MgO, Mg ions •are located at the
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Fig. 4 MgK-edgeXANES spectraofMo03-MgO,
    A dotted line (A) is a superposition of XANES spectra of
    (MgO Å~ O.7+MgMoO, Å~ O.3).
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present in either a Mg06 or a MgOs structure.
(3) Near-edge Spectra ofReduced Santples.
  In Fig. 2, the Mo K-edge XANES spectmm of Mo02 is shown. In this sample, Mo4+
ions are octahedrally coordinated.2i A striking feature is the lack of the pre-peak
found in the case of Mo6+ compounds. It is presumably not only due to the symmetry
around Mo ions but also the valence ofMo ions.
  Mo K-edge XANES spectra of Mo03-MgO treated with H2 at 773K are shown in
Fig. 5. It is noted that the pre-peak became smaller or almost disappeared following
H2-treatment over the whole range ofx. The pre-peak remained after reduction for the
samples of x=O.1, O.3, O.9 and 1.0. In the cases of x=O.1 and O.3, the pre-peak revealed
the presence of Mo6' ions or lower valent Mo ions (Mo5" or Mo4+, possibly) in Mo04
tetrahedra. Referring to the XRD result that a MgMo04 phase exists in these
samples, molybdenum ions are expected to be hexavalent mainly. On the other hand,
the sarnples ofx=O.9 and 1.0 have a Mo03 phase. These results strongly suggest that
Mo03 and MgMo04 is inactive for metathesis reaction. In the cases of the samples
with intermediate Mo ratios, x=O.5 - O.8, the total features are similar to those of
Mo02, The metathesis reactions take place over the samples only in this region ofx.
 One may conjecture that a Mo02-Iike species is the active center, but bulk Mo02 itself
is almost inert for the reaction.23
(4) EXA-F7S Spectra of Oxidized Samples.
  The oscillatory part of absorption beyond the Mo edge was extracted from the total
absorption of the Mo K-edge by the method reported by Boland et al.24 The k3-
weighted EXAFS oscillation spectra of oxidized Mo03-MgO are shown in Fig. 6, and
the spectra of reference compounds are depicted in Fig. 7. As shown in Fig. 6, it is
evident that all spectra forxSO,5 are almost identical and consist of almost a single
sine wave which is the sarne as that ofMgMo04. In particular, the EXAFS spectrum
ofx=O,3 is very similar to that ofMgMo04. This is consistent with the results of XRD
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Fig. 5 Mo K-edge XANES spectra of H2-treated
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Fig. 6 h3-weightedEXAFSspectraofMo03-MgO
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7 k3-weighted EXAFS spectra ofreference compounds.
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spectruin contains several components. The oscillation park above 9.3 A'1 is more
intense with increasing Mo ratio, and the oscMation has a higher frequency. This
feature is similar to that of Mo03 EXAFS. The high frequency at high k values shows
the presence ofheavier atoms at longer distance than that of the nearest oxygens. In
the case ofMo03, this is clear. 'IShese suggest that the spectra shown in Fig. 6 can be
composed oftwo kinds of oscillations, those of MgMo04 and Mo03.
  We have attempted to simulate the spectra by superposition of the spectrum of
MgMo04 and Mo03. The results are shown in Fig. 8. ForxSO.5, each oscillation can
be fitted to that ofMgMo04. The EXAFS spectra forxÅrO.5 can be fitted as shown in
the caption, indicating that the main components of these samples are MgMo04 and
Mo03, The diserepancy between the experimental and simulated spectra may be due
to the presence of other components, such as Mg2Mo30n andlor MgMo207 detected
by X-ray diffraction. Therefore, MgMo04 phase is formed in the samples ofx:SO.5, and
Mo03-like structure is generated with the phase in the samples ofxÅrO.5.
  The characteristics mentioned above becorne more clear by Fourier-transformation
of the EXA[FS oscillation. Fig, 9 shows the radial structure fimctions of unreduced
Mo03-MgO obtained by Fourier transformation ofEXAFS within the range Ak= 3.5 -
14.5 A-1. For the samples ofxSO.5, only a single peak is seen at 1.4 A, which is
assigned to Mo-O scattering, like that of MgMo04 shown in Fig. 10. By increasing the
                               eMo content, an Mo-O peak at ca. 1.8 A grows accompanied by an increase in the peak
           oheight at 3.2 A probably due to Mo-Mo scattering, The Iatter is poorly characterized in
MgMo04 and at a lower content of Mo03-MgO. This change parallels with that of
XANES; the Mo ions in Mo03-MgO are stabilized as MgMo04 in the samples xSO,5,
and octahedral Mo03-like structures are generated at higher contents ofxÅrO.5.
(5) EXAFTS Spectra ofReduced Samples.
   Fig. 11 shows the EXAFS of IL-treated Mo03-MgO samples. All EXAFS spectra
change very much by H2 treatment, For xSO,5, a high frequency component appears
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Fig. 8 EXAFS oscillations of Mo03-MgO (x=O.5-O.8)
and superposed EXAFS oscillation of Mo03
and MgMo04 (dotted lines). Superpositions of
each intensities are as follows:
  (A) MgMo04,
  (B) MgMo04 Å~ O.85 + Mo03 Å~O. 15.
  (C) MgMoO, Å~ O.63 + Mo03 Å~O.37.























o I 2 3 4
[l25]
5 6

















o 1 2 3 4
E5Elii91Il
5 6




    10
     5
     o
    T5
    -1O
  RIA
1 2 3 4
[ll[Z]
5 6
d 2 3 4
pa
5 6
Fourier transformed EXAFS of Mo03-MgO calcined at 873K.
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Fig. 11 k3-weighted EXAFS spectra gf H2-treated Mo03-MgO at 773K.
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Fig. 12 Fourier transformed EXAFS of H2-treated Mo03-MgO at 773K.
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range higher than 8 A'i, appreciable high frequency components are missing. This
indicates that the ordering of the atomic array is generated by Hll treatment, and that
the atoms at longer distance are not heavy, and probably Mg. On the other hand, it is
noted that the wave is similar to that of Mo02 (Fig. 7) around x=O,7. It suggests that
Mo02-1ike local structure, having a slightly distorted Mo06 unit, is formed in this
region, Note that this information was not obtained by X-ray dffraction. Mo03 is very
diffTicult to reduce under these conditions. In fact, it is known that bulk Mo03 is
reduced to a Mo02 phase above 823K,25•26 while the reduction of Mo03 by II2 at 773K
to a Mo02 phase is very slow,27 However, the result suggests that Mo03-MgO of high
x can be reduced easier than bulk Mo03 to Mo02 phase.
  Fig. 12 shows the Fourier transformed EXAFS oscillations of the Hh-treated
                                     oosamples. In the case ofxSO,5, peaks at 1.6A and 2,3A are observed. The peak at 1.6
A is due to backscattering by O, and that at 2.3A is assigned to Mg backscattering by
mverse Fourier transformation within the range AR= 2,O-2.6 A, followed by curve-
fitting. These peaks are clifferent from those in the unreduced samples, and it is
concluded that a structural change in environment of the Mo atoms was brought
about by H2-treatment. This suggests that an ordered Mo-O-Mg bond structure is
generated, On the other hand, at a higher Mo ratio, peaks around 3,3 and 3.6 A are
seen which become more intense with inereasingMo contents. Furthermore, the peaks
which may be due to the scattering from the second and the third shells at 3.3-3.6 A
       oand 5,1 A exhibit the same features as same as those of Mo02 (Fig. 10), and metallic
Mo structure is not observed. In addition, the spectruni is very similar to that of Mo02
for the samples of x=O.8. Therefore, it is concluded that an ordered Mo02 structure of
almost syrnmetric Mo06 octahedra is formed for these samples of x=O,6-O.8. These
peaks were not observed for reduced Mo03.
4. Discussion
  The crystalline phases deterrnined by the analyses of X-ray diffraetion analysis and
the local structure around the Mo ions obtained by the analyses of X-ray absorption
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 spectra over reduced and unreduced Mo-Mg binary oxides can be summarized as
 follows.
   For the samples of Mo03-MgO calcined at 873K there are three different types of
 crystalline phases detected by XRD depending on x ; (a) For the samples of x50.5,
 MgO andlor MgMo04 phases. (b) For x=O.6 and O.7, Mo03, Mg2Mo30ii, and a trace
 amount of MgMo04 andior MgMo207 phases. (c) ForxÅrO.7, Mg2Mo30n andlor Mo03
 phases.
   Mo03 has an orthorhombic crystal structure where a Mo atom is stabilized in a
 distorted octahedral Mo06 unit which is built up of double-layered (Mo06). sheets,28
For molybdenum-rich sarnples with xÅrO.7, the crystalline phases have an octahedral
Mo06 structure, because the lattice molybdenum ions of Mg2Mo3011 and Mo03 occur
only in distorted Me06 octahedra,28i29 and these octahedral structures are similar to
each other. For the samples of x=O.6 and O.7, the MgMo207 phase was observed,
which possesses both tetrahedral and octahedral molybdate units together in
(Mo207yt- anion.2i,29A trace arnount of MgMo04 phase also remained for x=O,6. Thus,
the main local structure around the Mo ion in the samples ofofx=O.6 and O.7 is the
Mo06 octahedron, but tetrahedral structures coexisted partly. At low contents of x$
O.5, MgMo04, with Mo04 tetrahedra, prevails.
   On the otherhand, Mo03-MgO which has been reduced with hydrogen at 773K has
a different structure than the unreduced one, At low Mo contents ixSO,5), ordering of
the structure around Mo ion is brought about, as indicated by the appearance of the
peak which is due to a Mo-Mg shell in the Fourier transformed EXAFS spectra. This
structural information was not detected by XRD, and therefore, it presumably
suggests the formation of an ordered structure around Mo ion such as a rock solt-type
structure with MgO in which a Mg ion is substituted by a Mo ion, At higher ratios ix År
O.5), the molybdena is reduced to a Mo02 phase, especially for the sarnples around
x=O,7. In the case of reduction of Mo03, the Mo02 phase is not definitely observed•
The reduction of Mo03 does not proceed easily without MgO ingredient, For the
samples with xÅrO.5, however, the forrnation of Mo02 was not observed by XRD but
only by EXAFS, indicating that the Mo02 phase is highly dispersed. 'I'his Mo02 phase
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is considered to be produced as a separate layer onto an ordered structure of reduced
Mo03-MgO.
  It has been reported that reduced Mo03-MgO at x=O.6-O.7 has a metathesis
reaetivity for propene,i2 It is known that Mo ions in a low oxidation state such as
Mo4+ andlor Mo5+ ions act as the active species for metathesis, However, we have not
been able to find any Mo5' ions in the present work, The molybdenimi species which
acts as the metathesis active sites are still not well-defined, however, and it has been
reported in some works that Mo4" acts as an induced species for olefin metathesis.
Tanaka et al.4 concluded that well-dispersed Mo4+ andlor Mo5" ions with some
particular coordination of oxygen ions are the active centers, Kazansky and co-
   'workers30'32 proposed that the active sites for propene metathesis involve Mo4+ ions.
Kadushin et aL33 did not rule out this possibility completely, although they suggested
that Mo5' ion pairs could be active as well. Segawa et at. reported34 that reduced
MoOYTi02 has a metathesis reactivity for propene, which is maximized at .r=1,9. In
this rnanner, highly reduced Mo ions including Mo4' species are believed to be the
active sites. Bartlett and co-workers recently investigated35 the activity of various
kinds of molybdenum oxides grown on a molybdenum metal foil, and reported that
Mo02 is more active for propene metathesis than Mo03 andior Mo metal. This is
consistent with the results in this work. We postulate here that Mo03-MgO sarnples
of x=O.6-O.7 are reduced to form a dispersed Mo02 phase, which is possibly relevant
for propene metathesis. For a reduced sample ofx=O.8, the particle size of the formed
Mo02 would be too large for metathesis activity, because bulk Mo02 is almost
 inactive.
   Oganowski et al.iO reported that the active species of a molybdena-rich Mo-Mg
binary oxide is a surface octahedral phase on the MgMo04 phase. Our present work
 revealed that the bulk phase of Mo-rich samples mainly consists of octahedral
 molybdena after calcination at 873K For H2-treated samples at 773K, it is noted that
 the reduction to Mo02 does not only take place in the surface layer, but also in the
 bulk. 'IEhe examination of the possibility that metathesis takes place on dispersed
 Mo02 is in progress.
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Study of the Loca! Str'ucture in Near-Surface Region of Mo-Mg Binary
Oxides by means of XA]N[ES and UV-VIS Spectroscopy
Abstract
  Mo L3-edge XANES and difiinse reflectance UV-VIS spectra have been recorded for
structural studies of Mo-Mg binary oxides which catalyze metathesis reaction of
olefms after pretreatment with H2 at 773K. The XANES of reference compounds
revealed that the local symmetry around Mo ion as well as the valence state affects
the spectral feature, From the XANES of Mo-Mg binary oxides in oxidizedlreduced
states, it is concluded that the Mo04 tetrahedra are the main component in near-
surface region for the samples ofx (Mo/(Mo+Mg)) S O.7 in the oxidized state. For the
samples in the reduced state, the tetrahedral species remains but reduced Mo ions
including Mo02 species are also formed, while the Mo02 phase is formed in the bulk
phase at x = O.5 - O.8. In the latter samples, Mo ions are easily reduced by the
treatment with H2. The active species for metathesis reaction relates to the formation
ofMo02 phase not only in the bulk but also in near-surface region,
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introduction
    It is well known that supported molybdenurn oxides catalyze metathesis reaction
 ofolefms. So far, a variety ofmechanisms and intenmediates in the reaction process
 have been proposed for olefin metathesis.i Of this, a mechanism involving metal-
 carbenes and metallo-cyclobutane has been generally accepted for the heterogeneous
 catalysis.2,3 As the initial step, the formation ofmetal-carbene species from adsorbed
 olefins is proposed in several studies.4'6 It is likely that dispersed low-valent
 molybdenum ions play a significant role in the reaction, in particular, at the initial
 stage. Kazansky et al. reported7t9 that a MoO!Si02 including Mo4' monoxo-species,
 which is formed by pretreatment of photo-reduction with CO or H2, exhibited a high
 activity for olefin metathesis. Tanaka et al.iO proposed that dispersed Mo4' andlor
Mo5+ ions participate as the active sites on MoOYTi02. HoweveT, what the active
species is has been still unclear, although Zhang et al.iiand Anpo et al. i2,i3 concluded
that photo-reduced Mo5' dioxo-species is active for olefin metathesis.
   As fer MgO-supported Mo03, it has been reported that the sample containing
relatively low amount of molybdenum is inactive for a metathesis of alkenes even
after prereduction.iO This is in a marked eontrast with the cases of other supports
such as Si02, A1203 and Ti02.iO In the case of MgO-supported rnolybdena, most Mo
ions are thought to be stabilized in a tetrahedral Mo04 unit ofmagnesium molybdate
(MgMo04) phase formed by calcination.i4Ji6 The Mo04 unit is also formed by
mechanical mixing of Mo03 and MgO,i7 indicating that Mo ions are easily diffused in
MgO. Therefore, Mo ions in MgO-supported Mo03 catalysts are naturally expected to
be similar to those in Mo-Mg binary oxide.
   On the olefin metathesis by binary oxide catalysts including molybdenum, only a
few works have been reported. In general, mixed molybdenum oxides are not active
for metathesis but for oxidation of alkenes. For instance, Bi203-Mo03 is known as a
powerfu1 catalyst for partial oxidation of olefms,i8 e.g., to produce unsaturated
aldehydes or dienes.i9 Mo03-Sn02 catalysts exhibit high activity and selectivity for
oxidations,20 such as the conversion of propene to acrolein,2i and that to acetone in
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the presence of H20.22.23 A Mo-Mg binary oxide also exhibits catalytic activity for
partial oxidation.24,25 On the contrary, we found that propene metathesis takes place
over Mo03-MgO binary oxides with relatively higher Mo-Ioading when they are
pretreated with hydrogen at 773K.26 This seems to be noteworthy that dispersed
molybdenum ions relate to the active species for olefin metathesis. In order to clarify
the bulk structure of Mo~Mg binary oxides and structural change by reduction with
hydrogen and generation of active species for metathesis, we have already carried out
a Mo K-edge XANESIEXAFS study of Mo03-MgO in oxidized and reduced states.27 In
the previous work, we concluded that Mo03-MgO samples containing high amount of
molybdenum (Mo / (Mo + Mg):= 0.6 - 0.7) are easily reduced to form a dispersed Mo02
superfme particle in the matrix, and deduced that this bulk species relates to active
center for metathesis.
Only a few works have been reported on the structure of Mo-Mg binary oxide so
far. Mo L3-edge XANES spectroscopy was applied to the system recently.28 The
prominent feature of Mo L-edge XANES spectrum is the white line(s) due to '2p-4d
transition.29 Therefore, the spectrwn probes the orbitals of 4d-character participating
in Mo-O bond. The white lines of the XANES spectrum are split corresponding to the
ligand field splitting of the d-orbitals.3o,31 The environmental condition of the Mo ion
is sensitively reflected to the XANES spectrum.32,33 In the study ofMo L-edge XANES
spectra, Bare et al. presented that supported-molybdena at low Mo contents are
stabilized in an octahedral Mo06 structure on MgO, and tetrahedral one was formed
at relatively higher contents.28•34 This result is inconsistent with the results of the
studies by UV-VIS and Raman spectroscopy.14,35
In this paper, we describe the local structure around Mo ions of Mo03-MgO binary
oxides deduced from Mo L3-edge XANES recorded in a ~otal electron yield mode and
UV-VIS diffuse reflectance spectroscopy in order to clarify the structure in near-




   Mo03-MgO samples were prepared as described previously,27 In brief, the samples
of Mo-Mg binary oxide, ranging in molybdenum content from O.1 to O.9 by atomic
ratio, x (= Mo 1 (Mo + Mg) ), were prepared by a solution-evaporation method from
aqueous AHM (ammonium heptamolybdate : (NH4)6Mo7024'4H20) and MgCle'6Hl]O
mixed solution, followed by drying the mixture overnight and calcination at 873K for
3 h, Reduction of Mo03-MgO samples was carried out by the treatment with H2 gas
(100 Torr) at 773K for 1 h, removing resultant water in a liquefied N2 cold trap in a
closed system,
  The cornmercially available authentic saxnples, Na2Mo04, MoS2 (Wako), PMA
(phosphomolybdic acid : H3PMo1204o'nH20), AHM, Mo-metal (Nacalai), Mo02(acach,
MgMo04 (Mitsuwa), Mo02 (Rare-Metal) were used for the reference of XANES
information. Other reference samples, Mo03 and hydrogen molybdenum bronzes,
were prepared in our laboratory. A Mo03 sample is prepared by calcination ofAHM at
873K for 3 h. It has not a hexagonal but a rhombic structure. The hydrogen
molybdenum bronze (Hh,Mo03ys6 samples, type I (O.21 Åq x Åq O,40)37 and type II (O.85 Åq
x Åq 1.04), were prepared by a method as reported by Sotani et al.38 The bulk structure
of these reference samples are analyzed by a powder X-ray difi7raction.
  The Mo L3-edge XANES data were collected on a facility of BL-7A station of soft X-
ray beam line at UVSOR, in the Institute for Molecular Science, Okazaki, Japan, with
a ring energy of 750 MeV and stored current of 100- 200 mA. The synchrotron
radiation frem the wiggler operated at 4 T in the bending magnet was used. Each
sample was prepared for measurement by pasting with hexane, and then spread on a
beryllium-copper dinode which was attaehed to the first stage of electron multiplier
placed in a vacuum chamber. After the chamber had been evacuated (Åq 1.0Å~10'7
Torr), the spectrum was recorded in a total electron yield mode at room temperature,
using a Ge(111) two-crystal monochromator. The beam size at the sample was 1,O Å~
5.0 mm2. At Mo L3-edge (2.52 keV), energy resolution was about O,3 eV. In the
measurement, not only Lrm Auger electrons but also low energy secondary eleetrons
constitute a significant fraction of the spectra in total electron yield mode.39 T[he
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penetration range ofthe spectra is possibly several hundred Angstroms into the bulk.
Thus, the spectra refiect the structure of the sarnples in ''near-surface region'i. The
photon energy was calibrated by the Mo L3-edge of a Mo metal sample (2520.63 eV),
and this energy is set as a standard reference energy. The TEY signal a) of the
samples was normalized to the signal ao) without Mo sample tp =l1lo). p was
normalized to the post-edge intensity (at + 27 eV from the edge position) to adjust the
height around the post-edge region for each spectrum.
   UV-VIS spectra of powdered samples were recorded in a diffuse reflectance mode,
with a Perkin-Elmer LAMBDA-19 spectrometer at room temperature, using an in situ
cell for mounting the powdered samples.
Results and Discussion
(1) Mo L3-edge .XAdNES of reference eompounds.
   The origin of Mo L3-edge XANES is mostly the electron transition from a core
level, :ip3/2, to a vacant 4cl state, Teo and Lee showed that the contribution ofps
transition to L3-edge absorption spectra is about ftfly times less than that of pd
transition,29 Fig. 1 shows the Mo L3-edge XANES spectra of reference compounds
with Mo6" (dO) ion, except for Mo02, MoS2, and Mo-metal, In the case of MgMo04 and
NaiMo04 having tetrahedral (Mo04) unit, the two white lines of each XANES
spectrum are attributed to the electron transition from 2p3/2 to split 4d states, i.e., t2
(day, d,,, and dy.) and e (d,,2-y2 and d,2). For these samples, the white line in higher
energy side is more intense (peak height) than that in lower one. On the other hand,
for the XANES spectra of Mo03, Mo02(acach, AHM and PMA having octahedral
Mo06 unit, the two white lines are due to the eleetron transition from 2p312 to t2g
(dry d. and dor.) and eg (de.y2 and d?) of 4d state of atomic orbitals. In these
samples, it is clear that the white 1ine of higher energy side is less intense than that
of lower one. It is quite difirerent from the case of Mo04 tetrahedra due to the
difference of the transition cross sections in inolecular orbital of Mo(tld)-O(2p)
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Fig. 2 Second derivatives ofMo L3-edge XANES spectra of reference
       compounds including Mo6" ions.
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Table 1 The energy gap between two white lines
  (obtained by 2nd derivatives of XANES spectra),
Sample Local structure peak energya
   1eV
d-orbital splitting
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aenergy offset is taken to be 2520.6 eV.
bAmmonium heptamolybdate : (NHip6Mo7024 ' 4H20•
CPhosphomolybdic acid : P20s • 24Mo03 ' xH20•
dHydrogen molybdenum bronze (HxMo03) sample•
eaxially symmmetric. (the distances ofsix Mo-O bonds are different frorn each other,)
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between tetrahedral and octahedral molybdena, i.e., the intensity is (t2g : eg)= 3 : 2 for
octahedron, and (e : t2)= 2 :3 for tetrahedron.
  In order to clarify the ligand field splitting ofthe fmal state 4d orbitals by splitting
of L-edge XANZES, a second derivative spectrum is often used.28,30,3i,33 The second
derivatives ofXANES spectra exhibit the splitting clearer, and the energy gap reflects
the d-orbital splitting directly as shown in Fig. 2. The energy gaps between two white
1ines were evaluated and listed in Table 1. For these samples having Mo04
tetrahedron, the energy gap is 2.2-2.3 eV, while, for Mo03 having distorted Mo06
octahedra, the gap was 3.3 eV, The values are the same as them reported by Bare et
al,28 who recorded the XANES spectra in a fluorescence yield mode. XANES spectra of
Mo02(acach, AH]N( and PMA comprising of Mo06 units are shown in Fig. 1. For Mo03
and Mo02(acac) with a distorted Oh structure, the splitting gaps are 3.3 - 3.4 eV.
While, for AHM and PMA having a Mo-polyanion structure with almost Oh but nearly
C2v symmetry, the energy gaps between two peaks are around 2.9 eV. In the former
two compounds, oxygen ligands on an equatorial plane are located at apexes of an
almost regular square. This effects the d.2or2 of eg orbitals unstable to be lifted up,
resulting in }arge energy gaps.
   In case of polyanion structure such as (Mo7024)6" ion in AHM, distorting Mo ions
interact with the neighboring Mo ions so that the bond strengths of Mo-O are
weakened, resulting that the molecular orbitals corresponding to Mo-06 are more
spread and the d band is tighter than that of completely Oh symmetrie octahedra.40
Therefore, the energy gap between t2g and eg is smaller than that for Mo03 andlor
Mo02(acach, which have a little distorted Mo06 octahedra, but lengths of six Mo-O
bonds are almost similar to those of Mo03. This tendency of distortion effect is also
reflected in the HOMO-LU MO gap, which relates to a UV-VIS spectroscopy directly,40
as discussed in the later section. As long as the discussion is limited to the local
symmetry, the local structure of (PMo1204oyt' anion in PMA is almost similar to that
                                                       '(Mo7024yi' ion in AHM, reported by 95Mo-NMR studies,4i•42 Thus, the splitting of
PMA is assigned as same as that ofAHM.
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   We investigated the L3-edge XANES of Mo-Mg binary oxides in reduced state as
 described in the later section. Thus, the inforrnation of local structure of compounds
including reduced Mo ions are necessary for the discussien of reduction effect.
Hydrogen molybdenum bronze (H-bronze) and Mo02 samples are available for
reference ones to obtain a spectral information of Mo06 octahedra with reduced Mo
ions. In case of H-bronzes, Mo06 octahedra of (Mo06)n sheets cause minor
rearrangements in Mo-O framework by inserkion of hydrogen into Mo03
interlayers,43,44 As a result, the H-bronze samples have axially symmetric Mo06 units
and six Mo-O bonds whose distances are ahnost as same as those of Mo03.45
Hydrogen atoms are intercalated into the (Mo06). Iayers and stabilized by linking to
oxygen atoms, resulting in OH or OH2 groups located between the intra- and inter-
layers.45 In this manner, hydrogen atoms act as a structural change in Mo06
octahedra, however, it is naturally accepted that forrrtation of reduced Mo ions such as
Mo5" andlor Mo4+ are brought about by insertion of hydrogen atoms, The H-bronze
shows distinct phases, called as type I - IV, depending on the amount of interealated
hydrogen atoms. We recorded the L3-edge XANES spectra of the H-bronze sarnples of
typeI and II. For these samples, a Hb.21Mo03 in type I and Hb.glMo03 in type II
were observed in the bulk phase,45,46 The L3-edge XANES spectra of H-bronze
samples and their second derivatives are shown in Fig. 1 and 2. For these sainples,
the amount ofhydrogen atoms of type I is smaller than type II, as mentioned above.45
The peak ofXANES over H-bronzes are positioned at lower energy than those of other
samples with Mo6'-octahedra, e,g., Mo03, indicating that redueed Mo ions exist in H-
bronzes. Thus, it is clearly shown that intercalated hydrogen atoms in H-bronzes
bring about not only formation of axially symmetric Mo06 octahedra but also
reductien ofMo ions. For these spectra, the peak in the lower energy side is positioned
at 3.2 - 3.3 eV, which is independent of hydrogen amount. Furthermore, the energy
gap of the splitting is also similar to each other, These results show that intercalation
of hydrogen atoms brings about formation of axially symmetric Mo06 octahedra in
(Mo06). sheets even in x ) O.3 (type I) as E[,Mo03, and increasing of hydrogen
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amount does not cause more reduction of surface Mo ions but affect the bulk Mo ions.
The results of type II that hydrogen atoms intercalate into (Mo06). sheets as
similarly as those of type I, and elongate the lattice spacings between these
sheets.45,47 When the bronzes are assumed to have only a Mo6+ ion, the energy gap
between two white lines is expected to be larger than that of Mo03 and white line at
higher energy side should be narrower, because the Mo06 unit in H-bronze is closer te
the regular octahedron than that in Mo03. However, the energy gaps of splitting ofH-
bronzes are smaller than that of Mo03, This suggests that the reduction ofMo ions
gives the decrease of the energy gap between t2g and eg in 4d-state of Mo, It is also
discussed in the analysis ofMo02 XANES, as below,
   The Mo4' (d2) ions in Mo02 exist in almost symmetric Mo06 Oh structure. For the
local structure of Mo02 with an orthorhombic system, the threefold-degenerate t2g
manifold of Mo06 octahedral symmetry is split into a more stable dN (d.y) orbital and
two dÅ} (d.. and cly.) orbitals. The dÅ} orbitals overlap thep. orbitals of 02' ions, which
have three coplanar Mo near neighbors, and form Mo(di)-Oip.)-Mo(d:) bonding,
whose interactions bring about a quasidegenerate pair of x' bands.36 By the studies of
He-I photoelectron spectroscopy, it is concluded that the 4cl electron of Mo4+
participates in the 7c* bands.48 [['herefore, in Mo02, a pair of Mo 4d electrons in t2g
state occupies molecular orbitals of Mo(dP-Oipx) and the orbitals in eg state are
vacant. The energy gap between t2g and eg in Mo02 having Mo4+ ions should be
smaller than that of the sample having Mo6' ions, because of the less effect of
perturbation by the ligand field of six O ions. In the XANES spectrum of Mo02 shown
in Fig. 3, a shoulder peak at 1.4 eV due to the electron transition to the 7t* band is
seen. The intensity of this peak is smaller than that of the samples including Mo6"
ions, because of the decrease in transition cross sections. The broad peak maxirnized
at 3.8 eV is due to the transition to eg state. The splitting ofthese peaks can be clearly
seen in the second derivative spectrum. 'Ihe 2.4 eV of energy gap is much smaller
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octahedra. This result strongly explains that the reduction of Mo ions brings about
the condensation of a total 4d-state, and it reflects the L3-edge XANES spectra
directly. The reduction of Mo ions from Mo6' gives the lower absorption edge, and
narrower splitting of energy gap, regardless of the symmetry of Mo06 octahedra.
  In case of MoS2 having a trigonal prismatic MoS6 octahedra, the Mo4"(4ol2)
confTiguration lies at the top of the S2Åq3p6) band. The Mo-Mo 4d-electron bonding is
formed as zig-zag chains, and the octahedral site allows Mo-Mo bonding only with the
three t2 orbitals. These orbitals bring about the band of conduction electron, by the
studies of a molecular orbital study by Hughbanks et al.49 Therefore, the electron
transition from 2p to 4d is assigned to an inter-atomic-like transition of a dd band
which is delocalized in Mo 4cl state but not to an atomic-like transition like that of
Mo02, As shown in the XANES spectrum ofMoS2 (Fig. 3), the spectrum does not have
split bands but shows only a single band. This feature of the spectrum is also seen in
case of Mo metal, In MoS2, the peak energy of XANES spectrum is 2.4 eV, which is
located between two peaks of Mo02. It is possibly supported that the XANES ofMoS2
at L3-edge is due to the band of conduction electron formed in interatomic one, and
the ligand field refiects to the XANES directly,
(2) Mo L3-edge XAIVES of Mo03-MgO.
  We discussed the the bulk structure of Mo-Mg binary oxides on the basis of the
XRD and Mo K-edge XAFS in a previous report.27 In brief, it is concluded that or-
MgMo04 and MgO phases exist in the samples of low Mo ratio less than x s O.5, and
the phases including Mo-polyanion such as Mg2Mo30n are stabilized in the samples
of higher ratio. It is important to investigate the local structure in near-surface and
clarifY the relationship between bulk and surface structures for the discussion of
catalytic behavior,
  In this study, we recorded the Mo L3-edge XANES spectra in a total electron yield
mode. [[1iese spectra reflect the state of Mo ions in near-surface region, as described in
-61-




Photon energy / eV
O.5
15
Fig. 4 Mo L3-edge XANES spectra of Mo03-MgO in oxidized
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Fig. 5 Mo L3-edge XANES spectrum of a reduced sample of
x=O.7 (solid 1ine) and a superposed spectra (dotted lme)
obtained by a mixture of Mo02 (multiplied by 209e),
MgMo04 (45 9e), and AH M (359o),
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Table 2 The energy gap between two white lines
over Mo03-MgO•

























Table 3 The energy gap between two white lines
over reduced Mo03-MgO.






























the experimental section. The spectra ofMo03-MgO are shown in Fig, 4. The dotted
1ines are the spectra of the samples prior to the hydrogen treatment (oxidized state),
and the solid lines are the spectra after the treatment at 773K (reduced state).
  For the samples of low Mo ratio less than x s O.5, each spectrum is similar to that
of MgMo04 or Na2Mo04. The values of the energy gap between two white lines
determined by the second derivatives of the XANES spectrum (Fig. 6) are showrt in
Table 2 (oxidized state) and Table 3 (reduced state). The values in these samples are
2.1-2.2 eV, and these are close to those of MgMo04 and Na2Mo04, These results
indicate that the local structure around surface Mo ions are stabilized as Mo04
tetrahedra,.as in the bulk. However, the XANES spectra of these samples are partly
diflrerent from that of MgMo04. For the samples of x = O.1 and O.3, the relative
intensities (peak height) of two white lines are not the same as that ofMgMo04, but
the white 1ine in lower energy side is more intense than that ofMgMo04. This result
suggests that Mo06 octahedra exist in near-surface region. In x = O.5, the XANES
spectrum is quite similar to that ofMgMo04, indicating that the Mo ions exist in a
tetrahedra as that ofMgMo04 not only in the bulk phase but also in near-surface.
   For the sarnples ofx = O.1 and O.3, the XANES speetra in oxidized state are almost
same as those in reduced state. This result exhibits that no effeet by H2 treatment is
brought about the surface Mo ions in these samples, On the other hand, changes of
the XANES spectra were observed by the treatment with Hl] in the samples ofx ) O.5.
Thus, we wil1 discuss the XANES spectra of the oxidized samples of x År- O.5 first.
   The XANES spectra ofx = O.6 and O,7 have a different feature from that ofx = O.8.
For the samples ofx = O.6 and O.7, the spectra have a similar feature to that ofx = O,5,
The energy gaps between the white lmes are 2,2 eV, and this value is the same as
that of MgMo04, These results show that Mo04 tetrahedra is a main component in
near-surface region. However, in the case of the spectrum ofx = O.7, the white line at
lower energy side is more intense than that of MgMo04, whose feature is the same as
that of x s O,3, indicating that Mo06 octahedra is stabilized partly in near-surface
region, For the sample ofx = O.8, a white 1ine in higher energy side has a broad band,
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Fig. 6 Second derivatives ofMo L3-edge XANES spectra of Mo03-MgO
 in oxidized (left hand) and reduced (right hand) states.
'
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AH]V[ and Mo03, indicating that the surface Mo species exist as octahedra mainly.
The energy gap between the white lines is 2.6 eV. This value is close to rather AHM
and PMLA than Mo03 and Mo02(acach. Thus, distorted octahedra having a polyanion-
like structure are mainly exposed in near-surface region.
  These results lead a conclusion that the local structure of Mo ions in near-surface
is not necessarily the same as that in the bulk phase, Bare et al. reported the L-edge
XANES study of MgO-supported Mo03 measured in a fluorescence mode in a recently
paper.28 They concluded definitely by means of XANES spectra and their second
derivatives that Mo-ion species on MgO are stabilized as octahedra in the samples of
loading amount less than 15 wt9o as Mo03, and tetrahedra exists in the samples of
higher loading. 'IThe present study reveals that the samples oflower Mo ratio less than
x = O.3 (51.7wt9e as Mo03) have an octahedral species. The previous study of these
samples showed that MgO and MgMo04 phases coexist in the bulk, and Mo species
are almost Mo04 tetrahedra, as mentioned above.27 From the results of Bare et al.
and ours, it is proposed that octahedral species in the sinrface or near-surface are
stabilized by existence of MgO phase andlor coexistence of MgMo04 and MgO phases
in the bulk. In addition, it is concluded by the present study that the generation of
octahedral species in near-surface region is brought in the samples ofabout higher Mo
amount ix ) O,7) than that in the bulk phase ix 2 O.6).
  By the treatment with H2, XANES spectra ofx År" O.5 samples are changed. rn these
samples, the edge energy of each XANES spectrum becemes lower than that in
oxidized ones. This strongly suggests that Mo ions are reduced by the treatment with
H2. It is noteworthy that the sample ofx = O.5 is also reduced partly by the treatment,
and the spectrum becomes similar to those of H-bronze samples, The sample in the
oxidized state has only MgMo04 phase in both bulk and surface layers as mentioned
above. For the sample ofx = O.6, the change in the spectrum by the treatment is
almost similar to that of x = O.5.
  On the other hand, the samples ofx = O,7 and O.8 showed a different change in the
XANES spectra from those ofx S O.6 by the H2 treatment. In the XANES spectra ofx
= O.7, the two white 1ines are not clearly split, and the edge of a white line at lower
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energy side shifts more than that for the sample ofx = O.6. This phenomenon was not
observed forMo03. From these results, it is concluded that surface Mo ions ofx = O.7-
O.8 samples are easily reduced by the treatment to bring about reduced ones, e.g.,
Mo5' and!or Mo4+. In fact, the XANES spectrum ofx = O.7 in reduced state is able to
fit the superposition of the spectra ofMgMo04 (multiplied by 459o), AHM (359o), and
Mo02 (209o), as shown in Fig. 5, indicating that the reduced ions including a Mo02
phase are formed in near-surface region by H2 treatment. In the XANES spectrum of
these reduced samples, the values of the energy gqp between the white 1ines are 2.2-
2.3 eV, suggesting that Mo6'-tetrahedral species stil1 remains in the reduced state.
The previous study on Mo K-edge XAFS revea]ed the formation of Mo02 as a definite
phase.27 Therefore, it is concluded that the Mo ions of the saxnples at around x = O.7
are easily reduced to form a Mo02 phase by H2 treatment more intense in the bulk
than in near-surface region, and the surface Mo ions are stabilized as a coexistence of
Mo6"-tetrahedra, octahedra, and Mo02. It should be mentioned that the reduced
samples of around x = O.7 exhibit catalytic activity for olefin metathesis.26 The
present results suggest the generation of the activity is related to the formation of
reduced Mo ions in the Mo02 phase.
(3) Diffuse Reflectance UV-VIS Spectroscopy
  In order to obtain more information about the reduced state of surface Mo ion, UV-
VIS spectroscopy was applied in a diffuse reflectance mode. The struÅëtural study by
UV-VIS spectra has already been reported, and the assignment of the bands has been
done.50'52 In the present work, Mo03, MgMo04, AHM and Mo02 are used for
reference compounds for the discussion about the local structure ofMo ions.
  The energy of electron transitions depends on the ligand field symmetry
surrounding the Mo center. For oxygen ligands, a more energetic transition is
expected for a tetrahedral Mo6' than for an octahedral one.53 The spectra of the
reference compounds with Mo6+ ions are shown in Fig. 7. The spectrum of MgMo04
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  transfer (LMCT) of02'-.Mo6'(dO) of (Mo04yt' in Td-syrmnetry.35,50•5i For the samples
  having Mo6" octahedra, the band centered at 315 nrn in AHM, and at 348 nm in
  Mo03, which are also due to the LMCT of02t'Mo6' of Mo06 octahedra. By distortion
  of Mo06 structure, the LMCT band shifts to a shorter wavelength. In addition, the
 threshold energy also reflects the local structure as reported by Weber et al,54 i.e., the
 energy of polymolybdate samples becomes lower with the aggregation of Mo06 units.
 These are a good inforrnation for distinguishing the local structure.
    The spectra of Mo-Mg binary oxides in the oxidized state are shown in Fig. 8 (Ieft
 hand). In case ef the oxidized samples ofx -Åq O.5, each spectrum clearly exhibits an
 absorption band centered at around 250 nm, indicating that Mo ions exist as Td
 structure with Mo6+, For instance, the spectrum ofx = O.5 sample is similar to that of
 MgMo04 as a whole. Thus, Mo ions are stabilized as only Mo6+ tetrahedra. However,
 the spectra of the samples of x -Åq O.3 are diflrerent from that ofx = O.5. The threshold
 energy ofx S O.3 is higher than that of x = O,5, indicating the coexistence of octahedral
 and tetrahedral species. This result is accordance with that ofL3-edge XAFS study
 but not with the studies of Mo K-edge XAFS and XRD.27 Therefore, it is supported
 that Mo04 tetrahedra is formed in the bulk phase, and octahedral species is present
partly only in near-surface region. This implies that the information obtained by
diffuse reflectance UV-VIS spectra is more sensitive to the surface structure than to
that ofMo K-edge XAFS spectra,
   In case of the sample ofx = O,6, the threshold energy of the spectrum is lower than
that of MgMo04, and the absorption maximum is seen at 264 nm. These features are
the same as these ofx -Åq O.3, indicating that Mo ions are present as a mixture of
octahedra and tetrahedra. With respect to the XAFS studies in the sample, octahedral
structure of Mo ions are less observed in near-surface region but investigated in the
bulk. Therefere, the octahedra analyzed by uv-VIS spectroscopy is formed in the bulk
phase, It is explained that the diffuse refiectance UV-VIS spectra include the
information ofthe bulk more than the L3-edge XANES spectra in a total electron yield
mede. Therefore, the surface sensitivity of these spectra, in the present case, are in
this order; L3-edge XANES in a total electron yield mode År diffuse reflectance UV-V:[S
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 År K-edge XAFS in a transmis$ion mode.
   On the other hand, the speetra ofx 2 O.7 have a large and narrow band maximized
 at 290 nm, and a smaller band in a shoulder peak at around 345 nm, The wavelength
 of the absorption maximum at 290 nm is close to that of AHM having a distorted
 octahedra, indicating that the structure around Mo ions is distorted Mo06 octahedra
like a polyanion, In a simiiar manner, the smaller band at around 345 nm is due to
the Mo06 octahedra in a Mo03 phase, This peak is more intense with increasing the
Mo content. As for L3-edge XANES spectroscopy, it is concluded that the sample ofx --
O.7 has Mo06 octahedra as a minor cornponent, while, the result of UV-VIS speetrum
shows that the octahedra as a polyanion structure are formed as a main component.
Therefore, it exhibits that concentration of Mo06 octahedra is lower in near-surface
than in the bulk
   The spectra ofreduced samples with H2 at 773K are also shown in Fig, 8 (right
hand). For the samples ofx S O.3, a band is seen at 260 nm, which corresponds to
Mo04 tetrahedra with Mo6' ions. For the samples ofx = O.1, the spectrum is identical
with unreduced one, i.e., stabilized a.s a coexistence of tetrahedra mainly and
octahedra partly. Thus, it is suggested that the structure of surface Mo ions are less
changed by Hl]-treatment. While, at relatively higher Mo ratio ofx 2 O.5, a broad band
at the wavelength longer than 320 nm is exhibited, and the absorption becomes more
intense with an increase in Mo ratio. The absorption ofwavelength between 400 and
800 nm is due to reduced Mo ions such as Mo5'(di) andlor Mo4'(d2).5i It indicates
that reduced Mo ions are formed by the treatment with H2. The band at around 250
nm is less intense in x= O.6 than inxS O.5, and this band is almost disappeared for
the higher Mo content in x S O.7. The relative intensity of the absorption at 350 nm,
which is due to the Mo6'-octahedra in Mo03, increases with an increase of Mo
content, and it is also seen clearly for the sample of Hll-treated Mo03, While, in the
reduced samples at around x = O.7, this band can be seen indefinitely, Thus, the Mo6+-
octahedra in oxidized samples are reduced by Hlz-treatment at 773K to form other
structures having reduced Mo ions, It results that the treatment is more effective for
octahedra in Mo03 than that of polyanion structure in coextstence of tetrahedra. For
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the bread band at the longer wavelength than 450 nm, deeply reduced Mo ions such
as Mo02 species is likely. For Mo02, which have slightly distorted Oh-synmietry
around Mo4' ion, the absorption is maximized at 480 nm due to Tlg'T2g of
Mo4+(d2).5i On the other hand, the absorption band due to Mo02 is ]ess seen in the
spectrum of H2-treated Mo03. Thus, bulk Mo03 is not reduced enough to produce
Mo02 species, As discussed abeve, the formation of Mo02 phase by the trea.tment
with H2 at 773K is clearly shown in the bulk phase for the samples at around x = O.7
by the studies of Mo K-edge XAFS.27 Furthermore, the formation of Mo02 phase is
a}$o seen by means ef VV-VIS spectroscopy. With respect to these studies and L3-edge
XANES one, the intensity ofMo02 phase is less observed in near-surface region than
!n the bulk. It is concluded that the reduction ofMo ions to form a Mo02 phase is
more effective in the bulk than in near-surface region. This feature of the effect of
reduction over Mo-Mg binary oxides is much similar to that over Mo-Sn binary oxides,
as reported by Okamoto et al.20
  In previous report,26 the metathesis reactivity for olefins is brought about for the
reduced samples at around x = O.7. These samples have small particles ofMo02 phase
in the bulk.27 As discussed above, the active species for metathesis reaction relates to
the reduced Mo ions including Mo02 phase not only in the bulk but also in near-
surface region. The Mo ions in near-surface are reduced more hardly than those in the
bulk, However, the Mo02 phase is stabilized in near-surface region as a minor
compenent, We suppose that that these species act as an active center for metathesis,
and the correlation between bulk and surface Mo ions relate to the stabilization of
aetive species with low valent Mo ions.
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Characterization of Active Copper Species in Supported Cu "
Catalysts for .d. eNQx Reactions . ., ,
F
i
Introduction of Part 2
   Cu has a single 4s electron in the atomic state, and thus, Cu' is in a stable state in
the oxide. However, Cu2' is also stable because the second ionization enthalpy is
much Iower than that of alkalies.i In fact, Cu metal is burnt in red heat with oxygen
to give CuO and Cu20. The change of copper valence, i.e., CuO(dlO) e Cu+(dlO) e
Cu2'(d9) relates to the catalytic performance. In the local structure around Cu, linear
Cu-02 dioxo-structure exists in Cu20, and square planer Cu-04 are present in CuO.
In the model calculations by means ofINDO/S MO for CuO and Cu20 clusters, the
bands near below Fermi level are composed mostly of Cu 3d orbitals, and the bottom
of the valence bands have strong O 2p character in both CuO and Cu20.2
1. Copper and copper-oxide as catalysts
   Both Cu metal and Cu-oxides are useful as a catalyst for many reaction systems. In
particular, Cu-oxides, Cu20 and CuO, are semiconductors and effective for redox-type
reactions. For supported and ion-exchanged copper catalysts, it is well known that the
activity of Cu ions relates to the redox performance of Cu ions directly. Classifying the
reactions by Cu catalysts, the typical reactions are pointed out as oxidation,
hydrogenation, and reduetion, In particular, Cu-supported or ion-exchanged oxides
are well-known for a deNOx catalyst such as Cu ion-exchanged zeolites. The outlines
ofthe studies are described as follows.
(1) Oxidation
   Cu20 is known as an industrial catalyst for propene oxidation to acrolein.3 The
kinetics study showed that the reaction is of the first order with respect to oxygen and
independent ofpropene pressure.4 By IR spectroscopy, n-allyl species are confirmed to
be formed on Cu20, which has a high affinity for oxygen.5 Thus, it is summarized that
oxygen adsorption appears to be a rate-determining step and an allylic species formed
by abstraction of hydrogen atom from propene by adsorbed oxygen is an intermediate
in oxidation, Although, in the actual and industrial process, the development ofSohio-
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method using Mo03-Bi203 binary oxide catalysts, as described at part 1, brings about
the less role for Cu20 catalyst, the catalyst including Cu' (e.g., Cu20) has an activity
for partial oxidation ofolefins, and CO oxidation, as reported.6
   Copper-based catalysts have been proved to be highly usefu1 for steam reforming of
methanol (CH30H + H20 -År C02 + 3 H2) with high activity and selectivity.7,8 For the
various Cu-containing catalysts, the reaction mechanisms ofsteam reforming reaction
was reported by Takezawa et al. They concluded in CulZr02 and CulA]203 catalysts
that micro particles of Cu-metal, which is formed during the reaction, is the most
active species by the spectroscopic study of XPS, AES, and IR.7 It is concluded that
formation of formaldehyde from methanol is the rate-determing step in the reaction,
and formic acid is formed by addition of H20 to formaldehyde in the path way of
producing C02 and Hlz over Cu catalysts.9
  Other reported oxidation reactions catalyzed by Cu-based catalysts are oxidation of
formaldehyde over Cu-Zn-O,iO, water-gas shift (CO + H20 -År C02 + Hl]) over
Cu!ZnO,ii ethylene oxidation over CulAl203,i2, CO oxidation over CulSi02i3 benzyi
alcohol oxidation in gas phase over alkaline-promoted CulSi02,i4 dehydrogenation of
methanol over Cu ion-exchanged TSM (fluorotetrasilicic mica),i5 and so on. Several
reactions are used industrially.
(2) Hydrogenation
   Cu catalysts are also utilized for hydrogenation reactions, As for Cu-oxide type
catalysts, Cu-Cr-O binary oxide is active for hydregenation ef aliphatic ketones to
alcoholsi6 Cu/ZnO is industrially used for the methanation of CO with H2,i7 Cu-
including binary metal alloys are also widely utilized. In particular, amorphous metal
alloys exhibit high activity for hydrogenation reactions.i8 It is accepted that the
reaction rate strongly depends on the crystal structure of the catalyst. In this
viewpoint, the use of amorphous alloys in catalytic syntheses has received
considerable attention because amorphous alloys have a high concentration of
coordinatively unsaturated sites which are expected to act as catalytically active
sites.18
  Cu-Zr alloys have been reported as catalysts in the reactions such as the
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hydrogenation of CO,i9,20 C02,20,2i ethene,22 and 1,3-butadtene.23 In the study of
ethene hydrogenation reported by Yamashita et al,22 it is found that an amorphous
pulverized Cu62Zr3s alloy, pretreated with a dilute HF solution exhibits much higher
activity for olefm hydrogenation than a crystalline one. The change of the activity by
the pretreatment is due to the increase in the surface concentration of Cu as well as
increase in surface area while keeping the highly scattered active sites derived from
the structure ofthe amoxphous alloy. In addition, they proposed that Cu" is the active
species for hydrogenation.22 They also reported that Cu-Ti amorphous alloys revealed
high turnover frequencies in dehydration ofmethanol to methyl formate.24
  Recently, Yoshida25 and Katona26 reported the structural analyses of active Cu
and another metal sites over Cu-Zr and Cu-Ti alloys. Yoshida et al. found the
treatment of alloys with hydrogen and oxygen under mild conditions were effective to
obtain alloys with higher surface area and catalytic activity.25 They also reported that
both Cu-Ti and Cu-Zr amorphous alloys treated with an HF solution exhibit a high
activity for liquid-phase hydration of acrlonitrile, and concluded that the activity
closely related with the highly homogeneous structure of amorphous alloys with
skeletal Cu.27 On the other hand, Katona et al. studied on the state of Cu ions in the
surface by Auger electron spectroscopy. They concluded that the HF treatment of the
alloys brought about Cu enrichment definitely in the surface region, and Cu2' ions are
mostly detected on Cu-Ti whereas CuO and Cu2+ coexist on Cu-Zr.26
  The alloy catalysts composed of Cu are utilized for many reactions, such as
dehydrogenation of alcohols to methyl formate over Cu-Zr alloys,28i29 and
decomposition of N20 over Cu-Ni alloys.30
(2) Reductive cleconzposition oflVO.
  Since NO is thermodynamically unstable in comparison with N2 and 02 at low
temperatures, its catalytic decomposition is expected for NO removal, which is very
important in environmental catalysis science. So far, many catalysts including Cu are
reported for NO decomposition. However, no suitable one of consistently high activity
has been found, For the deNO. eatalyst containing Cu, removal of the surface oxygen
and regeneration of the catalytic activity by high temperatures andlor gaseous
80-
reductants are required.
  It is known that Cu ion-exchanged zeolite catalyst, such as CulNaY, has a high
activity for selective decomposition (or reduction) of NO,3i because of easier
regeneration of active Cu species than that of other transition-metals by thermal
reduction. Iwamoto et aZ.32 showed that Cu ion-exchanged MFI (ZSM-5) zeolites show
high and steady activity for the catalytic decomposition of NO even in the presence of
N2 and 02 in the reaction above 673K. For CulMFI catalyst, NO conversion is
maximized at 80 - 85 % of Cu ion-exchange level, whiJe selectivities of N2 and 02 are
increased with an increase in Cu amount.33,34 In addition, deactivation of CulMFI
catalyst with 85 9o ion-exchange is less seen even in the reaction at 723K than that of
the samples in other exchangtng levels.33 At the same time, the studies of the NO
reduction and structural analysis of active Cu sites over Cu/MFI with a reductant
such as CO,35 H2,36 hydrocarbons,37,38 and NH339 were reported. In this manner,
many workers studied the activity relating mainly to "redox property" ofCu ions, and
reported that the property strongly relates to the local structure around Cu ions in
over-exchanged MFI cata]ysts.
   As for the active species of NO reduction over CuAN(IFI catalysts, some conclusions
are conflicted, and more study is called for. Liu et al.38 presented by Cu K-edge
XANES study that the intensity of Cu' is strongly correlated with the activity for NO
reduction, Anpo et al.40 also concluded that photo-reduced Cu+ ion is the active center
for NO decomposition by the study of NO photo-reduction. On the other hand,
Sachtler et al.41,42 reported the existence of dispersed Cu2" ions in calcined CulMFI
with 113 9e of ion-exchange level on the basis of ESR study. Cu' is formed during the
selective NO reduction in the samples with 55 - 113 9o of the ion-exchange level, and a
FT-IR study revealed founding of a new species cornprizing of (Cu-O-Cu)2' in 'over-
exchanged' region. These species seems to be the active species.42 The divalent Cu-
dimer species, (Cu-O-Cu)2', was also postulated by Masai et al. on the basis of
absorption band at 440 nm in the UV-VIS spectrum, which is seen for high ion-
exchanged CuAM[FI treated with oxygen at 773K.43 Thus, it is proposed that Cu" and
(Cu-O-Cuyt' species are the active species for NO reduction, However, many
discussions about the active species have been continued. The study of deactivation of
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CulMFI has been reported recently. For example, Yan et al.44 proposed that no gross
destruction of the zeo]ite framework is detected by XRD and BET surface area
measurements even for a catalyst which was 509o deactivated, but redistribution of
isolated Cu2' ions, (Cu-O-Cu)2+ oxocations, and CuO partic}es is detected. These
Cu2+ species are also seen in CulA1203 and dealuminated CulMFI after deactivation.
These results may be helpfu1 for the discussion of active Cu species, but more detailed
study is called for.
   Binary oxides including Cu ions also exhibit an activity for deNOx reaction.
Yoshida et al.45 reported that copper orthovanadate (Cu3V20s) has a unique catalytic
activity for NO reduction with NH3. TPD and IR studies indicate that the NO
reduction proceeds by a mechanism involving (NO).d, and (NH3).d,, where (NH4)" is
not present, and surface oxygen plays a role in activation of(NO).ds.46 This process is
possibly a rare one for Cu catalysts because oxidative decomposition of NO is brought
about in this process even in a ]ow temperature.
  Cu/Ti02 and Cu!Zr02 has been recently reported as NO reduction catalysts by a
few groups. These catalysts are also applied to other reactions such as combustion of
soot particles.47 It is expected that Ti02 or Zr02-support affects the unique
performance for Cu ions such as SMSI as reported by Haller et al,48 and thus, redox of
Cu ions is different from that on other supports. The author presents the study of the
activity for NO reduction over Ti02- and Zr02-supported Cu catalysts and the
structural analysis of Cu active species in this thesis.
2. Cu K-edge XAFS for characterizing copper compounds
   Cu K-edge XAFS study has been utilized since 1980s. In particular, XANES study
is widely used as a direct method for investigating the electronic and structural
nature. An empirical correlation between the valence of Cu ions and the
characteristics ef Cu K-edge XANES has been used to detect the presence of Cu+. It is
accepted that a post-edge peak at 8984 eV is due to electron transition in Cu"
compounds but not to that of Cu2'.49 It is recently reported that a small degree of non-
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stoichimetry affects an additional part in modifying post-edge intensity ofCu' as we}1
as the coordination number and geometry.50,5i
  The assignment of XANES peaks has been discussed by many groups. Kosugi et
al.52 discussed the core-hole screening effect to the XANES on the basis of ab initio
molecular orbital theory in the case of the Cu-K-edge XANES spectra ofmonovalent or
divalent Cu oxides and chrolide. They proposed that split 4pcs and 4p7t orbitals exist in
Cu 4p orbital, and ls-4piu transition gives the post-edge peaks in the XANES when ts-
4pu transition is seen in higher energy as resonance peaks than ls-4pit.52'54 Recently,
this assignment is followed by many workers, They also discussed using the XANES
spectra of divalent Cu samples that the strong core-hole (final-state) effect strongly
refiects on the intensity of XANES peaks due to ls-4pcs and ls-4p7t transitions, and
the effect is negligible to the pre-peak due to ls-3cl transition.53
   Thus, XANES spectra can be app}ied to characterizing Cu species in the catalysts
by analyzing the spectral feature of pre-peak and post-edge peak being on the
mentioned assignment. Cu K-edge XAFS studies have been carried out to clarify the
structure of active Cu species for various reactions. In case of CulZnO catalysts for
methanol synthesis, in situ E]XLAFS study was carried out by Neils et al.55 Their study
revealed a gradual disappearance of a Cu-O interaction in the H2-reduced catalyst in
the course of methanol synthesis from CO, C02, and H2, and indicated that highly
dispersed CuO is the active species. This results are the same as that reported by
Vliaic et al,56 who studied the in situ EXAFS of Cu/ZnOIA1203 catalyst. In this study,
it was concluded that Cu exisbs as a metallic species at a higher temperature, whiIe at
a lower one, it forms some oxide species of two-dimentional raft-like structure.
  For CulMFI catalysts, Liu et al,57 studied the state of Cu ions during the NO
decomposition by in situ XANES. They found that integrated intensity of post-edge
peak due to Cu+ correlates with the NO decomposition rate, suggesting the existence
ofCu" as an active site. They also suggested that Cu2'ion ean be partially reduced by
propene to form Cu+ even in a strongly oxidizing environment.38 On the other hand,
the divalent oxo-species, (Cu-O-Cu)2', has been reported as the active species by other
groups. Kuroda et al.58 demonstrated the generation of Cu' dioxo-species by
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evacuation of Cu over-exchanged mordenites at high temperature$ by application of
XANES and EXAFS as well as ESR and IR spectroscopies. In recent years, the
structural study by XAFS has become much popular, and more detailed structura!
information ofactive Cu sites is expected.
3. UV-VIS spectroscopy for characterizing copper compounds
   There are a few studies app]ying diffuse reflectance UV-VIS spectroscopy to the
analysis of Cu species. The absorption band due to dd transition of Cu2+ ion is
observed at 600 - 820 rrm in wavelength. The dd transition can be observed only for
Cu2'(dS ions, and the absorption band relates to the local structure of Cu2" ion
sensitively.59 Cu metal fine particles of 100A size can be characterized by uv-VIS
spectroscopy, while non fme-powdered one such as Cu-foil can not be characterized
because of complete reflection.60 Curtis et al.6i reported that copper particles with
diameter in the range of30 to 300 A show an optical spectrum with a peak maximum
at 560-640 nm.
  For CulMFI catalysts, UV-VIS spectroscopic study was carried out by Masai et al.l3
In the samples of higher Cu-exchange level, the absorption bands were observed at
320, 440, and 600 nm, and the peaks at 320 and 600 nm became more intense while
that at 400 nm disappeared. They pointed out that the peak at 600 nm is due to Cu2'
species, and other peaks at 320 and 440 nm are assigned to charge transfer band of
Cu2'-O and (Cu-O-Cu)2+, respective!y. The species are suggested to relate to the
formation of active sites in Cu/MFI samples with 75-100 9o of ion-exchange level,
4. Survey of Part 2
  The characterization of active Cu species is a very important study for the
elucidation of catalytic mechanisms. The studies by XAFS and ILJV-VIS spectroscopy
give a useful inforrnation about the electronic states and local structures of Cu
species. The structural analysis of finr Cu-metal species is generally difficult, but it
can be done by uv-VIS spectroscopy. However, 'in the viewpoint of catalysis,
charaeterization of Cu-metal species by U"V-VIS spectroscopy has been scarcely
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reported. It is expected that this method can be used for the analysis of active Cu-
metallic species in relation to a unique effect such as SMSI, spi]lover, etc. In this
thesis, the author describes the structure of active Cu species on Ti02 and Zr02 as NO
reduction catalysts. By means ofCu K-edge XAFS and UV-VIS spectroscopy, the local
structure of active Cu species and the structural changes of the active species during
the react!on are discussed. In chapter 4, the activity for NO reduction with H2 over Cu
(2 wt%) supported en Ti02 is discussed mainly, and the structure of active Cu species
is suggested tentatively. The structural study of CulTi02 with various Cu loadings by
means of Cu Kedge XAFS and uv-VIS spectroscopy is presented in chapter 5, in
which the local structure of active Cu species and redox performance of Cu ions are
mainly discussed. Chapter 6 is concerned with the activity of CulZr02 for NO
reduction with CO under a low contact time condition in a flow reaction system as
well as the structure of active Cu ions,
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Chapter 3
Reduction of NO over Ti02 Supported Cu Catalysts
Abstract
  Ti02-supported Cu catalyst pretreated with H2 at 473K exhibits higher activity for
the conversion of NO at low temperatures than Cu supported on other supports. In
the reaction at 303K, NO is reduced to N20. For the reaction above 323K, the
conversion to N2 is accelerated. In the process of the reduction, the NO is converted to
N2 directly, and the conversion to N2 via N20 is partly.
  The samples were characterized by XANES, UVfVTS and ESR spectroscopy. The
treatment of the sample with hydrogen at 473K brings about the formation of Cu
metal particles and promotes the reduction of Ti ions. The extent of the reduction of
Ti02 supporting Cu is much higher than that of Ti02 itselÅí NO has a role for
oxidizing both Cu and Ti ion even at room temperature. On the other hand, H2 has a




   The catalytic decompositionlreduction of nitrogen monoxide (NO) is of current
 interest because of the significance of the removal of NO. compounds included in
 exhaust gases of automobiles, power stations, etc, It is recognized recently that copper
 is one of the most effective materials to catalyze a deNO. reaction. Cu-encapsulated
 zeolite such as ion-exchanged CulZSM-5 catalyzes NO reduction at relatively low
 temperatures.i,2 In addition, CulZSM-5 and CulSi02 have been found to decompose
NO to N2 and 02 by photo-exitation of the Cu by Anpo et al,3,4 The characterization of
the CulZSM-5 Åëatalyst has been carried out by means of ESR,5,6 FT-IR,5'7 STEM,8
XANES,9 EXAFSiO and so on. For these catalysts, it is possibly concluded that a
cuprous ion, Cu+, plays a significant role in the catalytic decomposition andlor
reduction of NO. It has been known that Cu and its oxide is fairly active for N20
decomposition.ii In these examples, the redox performance of Cu may be highlighted.
Such activity ofCu also relates to the kmd ofsupport. In this study, we choose Ti02 as
a support, because Ti02 is a material which is reduced easily to form Ti3' even by
thermal treatment in vacuoi2,i3 and it is expected that Ti02 has a great effect on
supported metals as found in the SMSI systems.
   In fact, there have been some reports that deNO. reaction takes place on Ti02-
supported transition metal ion. Thampi et al.i4 reported that RulTi02 has an activity
for NO-CO reaction to produce C02, N20 and N2 at low temperatures above 423K,
and N20 decomposition is enhanced by addition of Rh and Cu. In this report, they
proposed that a copper ion possibly acts as an active center for N20 decomposition.
However, the role of Cu ions on Ti02 for decomposition ofNO andlor N20 is still left
unclear.
   In the present paper, we report the NO reduction with H2 over CulTi02 at fairly
low temperatures and discussed the active sites of the catalysts by ESR, UVMS and
Cu K-edge XANES spectroscopies.
Experimental
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  Preparation of the Catalyst Samples. Supported copper catalysts were prepared by
impregnation of powdery metal oxide supports with an aqueous solution of Cu(N03h •
3H20 (Nacalai Tesque, GR). The used supports were Ti02 (P25, Degussa), Si02
synthesized from Si(OC2Hs)4)i5, A1203 (JRC-ALO-4), ZnO (synthesized from
Zn(N03h - 6H20) and MgO (Merck). These supports had been calcined at 773K prior
to impregnation. The amount of loading Cu is 2 wt9o (321 timoVg-support) for each
sample. The impregnating solution was stirring at 353K for about 8 h to evaporate
water and dried for overnight, followed by calcination at 773K for 3 h. Before the
reactions and measurements, each catalyst sample was evacuated at 473K for 1 h.
Reduction of the samples was carried out by the treatment with 100 Torr.of hydrogen
at the given temperatures for 1 h, removing the produced water in a liquefied N2 cold
trap. After the reduction, the samples were heated at the same temperature in vacuo
for 1 h.
  Reaction ofNO with Cu-Catalorsts. The 100 mg of the catalyst sample was placed in
reaction vessels (44.1 or 129.6 cm3), and then the reactant gas including 15NO (or
15N20) was introduced. After 1 h passed, the composition of product was analyzed
with a quadrupole-type mass spectrometer (ULVAC Massmate-100), The fragment
and sensitivity ofthe ion signals were estimated by analyses of authentic compounds.
Through all the analyses, 15N02 or 15NH3 were not detected as products and only
15N2 and 15N20 were detected,
  X-ray Absorption Spectra at Cu K-edge. The measurement of Cu K-edge XANES
and EXAFS spectra were carried out by a facility of BL-7A station with a Si(111)
double crystal (d = 3.1355A) monochromator at Photon Factory in the National
Laboratory for High Energy Physics (KEK-PF) with 2.5 GeV of a ring energy and 150-
190 mA ofstored current in a fluorescence mode at room temperature, The samples
after the treatment were transferred to a film for packing into a dry nitrogen purged
globebox, and set for the measurement.
  Diffuse Reflectance UVIVIS Spectroscopy. The UVMS spectra for the powdery
samples were recorded in a diffuse reflectance mode at room temperature with a
Perkin-Elmer LAMBDA-19 spectrometer, using an in sitec cell.
                                   -9 1-
Table 1 Results ofNO reduction with H2 at 303K for 1h.a)
Sample Treatment Conversionb)





























a) Reactant is SNO (28 pmol) and H2 (28 pmol).
 Reaction vessel is 44.1 cm3.
b) Based on NO.
c) Pretreated in vacuo for 1 h.
d) Pretreated with H2(100 Torr) for 1h, and evacuated for 1h.
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  ESR Spectroscopy. The ESR spectra (X-band) were recorded at 123 K with a JEOL
JES-SRE2X spectrometer. The reference ofMn2+-MgO was used for the determination
of g-values. The sample after the treatment was placed on an in situ cell made of
quartz, and put the sample cavity for the measurement.
Results andDiscussion
(1) Reduction ofNO with Cu-Catalorsts
  Table 1 shows the results of the reaction of NO and H2 (28mmol, respectively) over
Cu-catalysts at 303K for 1 h. Evidently, the CulTi02 exhibited the highest activity
arnongst the supported Cu samples. In case of Ti02-supported Cu catalyst pretreated
in vacuo at 473 K, the conversion of NO was 28 9o. The activity of this sample was
raised to 58 9o conversion ofNO by pretreatment with H2 at 473K The main product
was N20-
  Fig, 1 shows the conversion of NO at 303 K over the CulTi02 sample pretreated at
various temperatures with H2. NO conversion activity increased with an increase with
the pretreatment temperature up to 473K. Pretreatment at more than 473K the
activity decreased. The optimum pretreatment temperature was found to be around
473K
   The results of the reaction at 473K are given in Table 2. Non-supported copper
oxide samples, Cu20 and CuO, were almost inactive for NO reduction. For the
Cu/Ti02 pretreated with H2 at 473K, conversion of NO reaches 1009o and N2 is
selectively produced without N20 opposite to the reaction at 303 K The other
supported Cu-samples, Cu/Si02, Cu!ZnO and CulMgO, exhibit low activity for the NO
reduction, even under pretreatment with H2 at 473K Only a CulA1203 exhibits a
relatively higher reactivity than the other supported-Cu samples, except for CulTi02,
However, the selectivity of N2 is still 879e and N20 remains. Therefore, it is concluded
that Ti02-supported Cu pretreated with Hll at 473K shows the highest activity for NO
reduction. In fact, in this reaction condition, NO conversion reaches 100% at 15 min
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Table 2 Results of NO reduction with H2 at 473K for 1h.
Sampleb) Treatment ConversionC)
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a) Reactant : NO 28 pmol, H2 28 pmol.
 Reaction vessel 411 cm3.
b) Catalyst:O.1 g,
c) Based on NO.
d) Pretreated with H2 (100 Torr) for 1 h, and evacuated for 1 h.
e) Pretreated in vacuo for 1h.
Table 3 Successive reactions ofNO with H2 over CulTi02
(pretreated with H2 at 473K) reacted at 373Ka)










a) Catalyst O.1 g. Reacted at 373K for 1h.
 NO 58 pmol, H2 58 pmol. ; Reaction vessel 85.5 cm3.
 The reactor was evacuated (not treatedwith H2) between each reaction.
b) Turnover number; number ofconverted NO molecules per a Cu atom,
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frorn the start of the reaction, as mentioned below.
   The successive reaction ofNO and H2 (58 mmol, respectively) was carried out at
373K over CulTi02 pretreated with H2 at 473K, to examine whether or not the
reaction catalytically takes place. The result is shown in Table 3. Turnover number
('![N, the ratio of converted NO molecules to Cu atornfions included) is 1.8 at the first
run, and the TN is kept to be 1.3 at the third run. The result indicates that the
reaction takes place catalytically at above 373K.
(2) Effect ofthe Reaction Teinperature upon Activity and Selectivity
  Fig. 2 shows the conversion ofNO and selectivity of N20 and N2 in the reaction of
NO with H2 at various temperatures for 1 h over Cul']]i02 pretreated with H2 at 473K.
The NO conversion is almost 100 9o at the reaction temperatuxes above 323K. On the
other hand, the selectivity of reduced products, N20 and N2, varied with reaction
temperature. At 303K, the product is only N20 and N2 is not detected at all. In case of
the reactions at the temperature up to 323K, the formation of N2 was observed, At
473K, N20 was not formed and only N2 is produced. These results suggest that NO is
completely reduced to N2 at the higher reaction temperature. The N20 is likely to be
an intermediate toward N2 and it requires high temperature to reduce N20.
(3) Ti7ne Course of the Reaction at 473K
  To clarify the reaction proce$s of NO reduction with H2, time course ofthe reaction
was investigated. The reaction profile at 473K over CulTi02 is shown in Fig. 3. After
60 min from the start of the reaction, NO completely disappeared and only N2 was
detected as shown in Table 2. In the initial stage of the reaction, however, the
forrnation of N20 was observed. The composition of N20 increased during the first 5
min and decreased after 10 rnin. This result suggests that N20 is produced as an
intermediate in the path way to N2. 0n the other hand, at the time when N20
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Fig. 2  Effect of Phe reaction temperature upon activity and
  selectivity over CulTi02.
Catalyst O.1 g; pretreat]ed with 100 Torr H2 at 473K.
Reactant NO (28 Funol) + H2 (28 pmol).
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Time course of the reaction ofNO with H2 over
CulTi02 (pretreated with H2 at 473K) reacted at 473K
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Fig. 4 Time course of the reaction ofNO •with H2 over
Cu/Ti02 (pretreated with H2 at 473K) reacted at 473K.
Catalyst O.02 g; Reaceant NO (28prnol) + H2 (28pmol).
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was converted to N2. This strongly suggest that there is another direct path from NO
toward N2 and this reaction path is faster than that including N20 as an
intermediate.
  In order to examine the initia! stage of the reaction more in detail, we carried out
the reaction under another condition. Fig. 4 shows the time course of the reaction
carried out using much less amount of the catalyst sample (O.02 g), one fifth of the
amount of the catalyst in Fig, 3. In this profile, it is found that the formation rate of
N20 was not so sluggish as that of N2 in the initial period of the reaction, N2 was
formed in paralell with the formation of N20. The composition of N20 was apparently
constant after 10 min from the start of the reaction. During through this period, the
rate of decrease of NO is twice of the rate of the forrnation of N2. This shows that
whether that the formation rate and anihilation rate of N20 are the same or that NO
is directly and stoichiometrically converted to N2 in the coexistence of N20 in the gas
phase. At 60 min, NO almost disappeared in the gas phase but still the amount of
N20 in the gas phase kept constant. It is unlikely that steady state lasts very long in
the closed system. Therefore, in order to examine the behavior ofN20 contacting with
CulTi02, the reaction of N20 with Hli was carried out.
  The activity of N20 reduction to N2 over pretreated Cul'l]i02 with HL] at 473 K is
shown in Fig. 5. When the reaction temperature was 303K, no formation of N2 was
observed. At 373K, an induction period for the conversion ofN20 into N2 is seen, and
the conversion level of N20 reached 31 9o after 1 h contact. In case of the reaction at
473 K, N20 was completely converted to N2 within 5 min. This result shows that N20
is converted to N2 very fast at 473 K and this may relate to the selectivity ofN20 and
N2 shown in Fig. 2. ]ilowever, in the coexistence ef N20 and NO, the first step should
be competing adsorption of both gas molecules and the behavior of N20 may be
different. As shown in Fig, 6, we carried out the reaction ofN20 in the presence ofNO
with H2. Evidently, decrease rate ofNO is much faster. After disappearance of N2, the
decrease rate of N20 is slow despite the sufficient Hh reductant still remained. This
clearly shows that NO is converted not mainly via. N20 intermediate but directly to
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Fig. 5 Time course of the conversion of N20 at various
reaction temperatures over CulTi02 pretreated
with H2 at 473K.
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Fig. 6  Time course of the reduction of(NO+N20) mixed
gases with H2 over CulTi02 (pretreated with H2 at
473K) reacted at 473K.
Catalyst O.02 g;
Reactant NO (14ymol)+N20 (14ptmol)+H2 (28pmol).
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N2. In the presence of NO, adsorption of N20 is interfered and even after
disapearance of N2, the reduction rate of N20 is slow possibly due to the formation of
water molecules during the reduction of NO. We can conclude that the dominant
reaction of NO in contact with Cul[['i02 in the presence ofH2 is direct conversion to N2
and the path via. N20 intermediate is minor.
(4) XA-2VES Spectra at Cu K-edge
    Cu K-edge XAN ES spectra ofauthentic Cu-samples are shown in Fig. 7, and those
 of Cu/Ti02 samples are shown in Fig. 8. In the case ofCu metal, the shoulder peak in
 edge absorption is seen at 8980.0 eV and in the case of Cu20, a sharp shoulder-peak is
 found at 8981.7 eV, a larger energy position than that for Cu metal. For the samples
 of CuO, Cu(OH)2 and Cu(CH3COO)2 which have Cu2' ions, each shoulder peak has
 relatively small intensity, and the these peaks exist at larger energy positions than
 that found for Cu and Cu20. But the peaks at post edge positions of these samp]es
 including Cu2+ are different from each other,
   For the samples of non-treated CulTi02 with H2, a feature of the spectrum is
similar to Cu(OH)2 or Cu(CH3COO)2, indicating that Cu2" ions mainly exists. By the
                             'treatment with H? at 473K, the XANES profiles are evidently changed to similar one
to that of Cu metal. Thus, it is noteworthy that Cu ion on Ti02 is easily reduced to
form a structure of Cu-metal particle. After admission of NO at 303K, the spectral
feature is still similar to that for Cu-metal. However, the shoulder peak shifted to
high energy side and.the peak just beyond the edge absorption became more
promment. This suggests Cu species are partially oxidized. The spectral feature
characteristic to that for the Cu-metal almost disappeared by NO admission at 473K
and the spectrum got similar to that for CuO. Thus, the NO admission at 473K brings
about the oxidation of supported Cu completely. On the ether hand, for the sample in
contact with NO and H2 at 473K, the XANES spectrum has a few components. The
two shoulder peaks are present at the absorption edge. The one ofthe peaks suggests























    Photon Energy1eV
Fig. 7 Cu K-edge XANES spectra of
 authentic sarnples;
(A) Cu metal, (B) Cu20, (C) CuO,
(D) Cu(OH), and (E) Cu(CH3COO)2•
Fig. 8 Cu K-edge XANES spectra ofCulTi02
     (2wt9o as Cu). The treatment is as fo)lows;
 (F) 473K evacuated.
 (G) Treated with H2 at 473K prior to admittion,
 (H) NO admitted to sample (G) at 303K
 (I) NO admitted to sample (G) at 473K.
 (J) NO+H2 admitted to sample (G) at 473K
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Cu-species. It is noteworthy that a small peak is observed just before the edge
absorption and is so called a pre-peak due to ts - 3d electron transition, indicating
that the Cu has a d-hole. This strongly suggests that oxidized Cu-species is divalent
and the Cu ions are located at a center ofa rectangular of four oxygen atoms like the
cations in CuO.16t18 The sample in this condition catalyzes the reduction of NO with
H2. Although monovalent Cu ions are often postulated to be active species in NO
reductionldecomposition, divalent Cu cations are the one in the present case. It is
eencluded that Cu-metal is present prior to admission of NO and H2 and after
admission ofNO at 473K, the Cu is oxidized to Cu2+-species to some extent. However,
Cu-metal species still remains in a working state.
(5] Diffuse Reflectance UVIVIS Spectra
  The ovAi[IS spectra were recerded in a diffuse reflectance mode. Fig. 9 shows the
spectra of CulTi02 samples pretreated with H2 at 473K. In the range of the
wavelength between 200 and 400 nm, the absorption bands mainly due to ligand to
metal eharge transfer (LMCT) of Ti-O are seen. For the sample prior to adrnission of
NC, the narrow peak centered at 582 nm is observed, This absorption is due to the
presence ef a fine particle of Cu metals particle sizing 100 - 300 A, as reported by
Creighten et al.i9 and Curtis et al,20 in the study of copper colloids. This is consistent
with the results ofXANES, i.e., Cu metal particles are formed by reduction with H2 at
473K. After actmission ef NO over the sampie at room temperature, the absorption at
582 Bm disappeared and a broad band centered at 702 nm is exhibited, This
absgrptien is not ebserved for metal microclusters but observed for Cu(CH3COO)2 and
Cu(OH)2 due te d-cl transitien ef octahedrally coordinated Cu2"-ions. This indicates
that Cu-metai is easily oxidized in the surface layer by admission of NO and Hll at
fggm temperatwe, and formed a Cu2"-species, After admission,ofNO and H2 at 473K,
the abgerpticll band due te Cu2+-species is also seen similarly to the case at room
teg pgratuxe. 'I}kerefere after admigsien of NO and Hll, Cu-$peeies is not metallic in
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Fig. 9 Diffuse reflectance UVIVIS spectra of CulTi02 (upper side)
      and authentic Cu-samples (lower side). The Cu/Ti02 samples
      after the each treatments are as follows;
   (A) Treated with H2 at 473K prior to admission.
   (B) NO admitted to sample (A) at room temperature,
   (C) NO+H2 admitted to sarnple (A) at room temperature.
   (D) NO+H2 admitted to sample (A) at 473K.







Fig. 10 ESR spectra ofCu/Ti02 (2wt9o Cu) recorded at 123K.
 (A) Treated with H2 at 473K prior to ad rnission. .
 (B) After admission of sample (A) with NO+H2 at room temperature.
 (C) After admission of sample (A) with NO+H2 at 473K,




result from XANES. If uvMS spectra afford the information of the surface layer, Cu
metal is covered with a fairly thick CuO layers. Therefore, active Cu species is
possibly CuO panicle with a Cu-metal core.
(6) ESR Spectra
   The ESR spectra ofCu!Ti02 pretreated samples are shown in Fig. 10. In the case of
the samples pretreated with H2 at 473K, no signals due to Cu-species were recorded,
but Ti3' signal is seen with g=1.966 on top2i, It is concluded that Cu ion of these
samples exists mainly as an ESR silent species like CuO andlor Cu+ ions and Ti ions
included Ti02-support are partly reduced to Ti3' ions. The signal intensity of Ti3'
ions is obtained ca. 20 times that ofTi02 reduced with H2 at 473K indicating that Ti
ions ofTi02 is reduced much easier with H2 by loading Cu. For the sample in contact
with NO and H2, the Ti3' signal disappeared and a signal due to Cu2' appeared. This
result shows that the admission of NO brings about oxidation of beth Ti and Cu ions.
This supports the results ofXANES and UV/VIS spectra. In the case of the sample in
contact with NO and Hl] at 473K, the Cu2" signal became more intense, and the
hyperfrine structure by Cu2" ion became clear. After treatment of the latter sample
with Hle at 473K, the Ti3+ signal restored. From these results, it is concluded that Cu
and Ti ions are easily oxidized and reduced by NO and Hlz. We expect that this redox
performance ofthese ions plays a significant role in the NO reduction.
Acknowledgment
  This work is partially supported by a grant-in-aid (No. 07242103) from the Japan
Ministry of Education, Science, Sports and Culture, The X-ray absorption
measurements were performed under the approval of the Photon Factory (KEK-PF)
Program Advisory Committee (Proposal No, 94G205).
-107-
References
(1) Iwamoto, M.; Yahiro, H.; Mine, Y.;Kagawa, S. Chem. Lett. 1989, 213.
(2) Iwamoto, M.; Furukawa, H.; Uemura, F.; Mikuriya, S.; Kagawa, S. J. Chem. Soc.
Chem, Commun. 1986, 1272.
(3) Negishi, N.; Matsuoka, M.; Yamashita, H.; Anpo, M. J. Phys. Chem. 1993, 97,
5211.
(4) Anpo, M.; Mats uoka, M.; Shioya, Y. ; Yamashita, H,; Gi arnello, E.; Morte rra, C.;
Che, M.; Patterson, H, H.; Webber, S.; Oue]lette, S.; Fox, M. A. J. Phys. Che,n. 1994,
98, 5744.
(5) Giamello, E.;Murphy, D.; Magnacca, G.; Morterra, C.; Shioya, Y.; Nomura, T,;
Anpo, M, J. Catal. 1992, 136, 510,
(6) Lei, G. D,; Adelman, B. J.;Sarkany, J.; Sachtler, W. M, H.Appl. Catal. B 1995, 5,
245,
(7) Iwamoto, M.; Yahiro, H.; Mizuno, N.; Zhang, W.; Mine, Y,; Furukawa, H,;
Kagawa, S. J, Phors, Chent, 1992, 96, 9360.
(8) Zhang, Y.; Leo, K M.; Sarofim, A. F.; Hu, Z.; Flytzani-Stephanopoulos, M. Catal.
Lett. 1995, 31, 75.
(9) Liu, D.-J.; Robota, H, J. Appl. Catal. B 1994, 4, 155.
(10) Hamada, H.; Matsubayashi, N.; Shimada, H.; Kintaichi, Y.; Ito, T.; Nishijima, A.
Catal. Lett. 1990, 5, 189.
(11) Hugo, P. In Proc. 4th Europ. Symp. on Che7n. React. Eng.; Brussels, 1968; pp
459.
(12) Hattori, H.; Itoh, M.; Tanabe, K. J. Catal. 1975, 38, 172.
(13) Tanaka, T.; Kumagai, H.; Hattori,H.; Kudo, M.; Hasegawa, S. J. Catal. 1991,
127, 221.
(14) Thampi, K. R.; Ruterana, P.; Grtitzel, M. J. Catal. 1990, 126, 572.
(15) Yoshida, S.; Matsuzaki, T.; Kashiwazaki, T,; Mori, K.; Tarama, K. Bull. Chem.
Soc. Jpn. 1974, 47, 1564.
(16) Kau, L. S.; Spira-Solomon, D. J.; Penner-Halm, J. E.; Hodgson, K O.; Solomon,
E, I. J, Am. Chem. Soc. 1987, 111, 6433,
(17) Kau, L. S.;Hodgson, K O.; Solomon, E, I. J, Am, Chem, Soc. 1989, 111, 7103.
(18) Kosugi, N.; Kondoh, H.; Tajima, H.; Kuroda, H. Chem, Phors. 1989, 135, 149,
                              -108-
(19) Crelghton, J. A.; Alvarez, M, S.; Weltz, D. A.; Kim, M. W. J. Phys. Chem. 1983,
87, 4793.
(20) Curtis, A. C.; Duff, D, G,; Edwards, G. D.; Jefferson, D. A.; Johnson, B. F. G,;
Kirkland, A. I.; Wallace, A. S. J. Phys. Chem. 1988, 92, 2270.






Study of Active Cu Species ofCu/Ti02 for NO reduction by means of Cu K-
edge XAFS and UV-VTS Speetroseopy
Abstract
  The active species of Cu supported on Ti02, which were prepared by impregnation
method with cupric nitrate and acetate, is investigated by means of Cu K-edge XAIFS.
The XAFS and UV-VIS spectra showed that the H2 pretreatment of the samples at
473K brings about the formation of CuO micro particles with several hundred
Angstroms of particle size, and the particle on Ti02 prepared from cupric acetate is
more stable than that from cupric nitrate. It is concluded that the CuO particle with




   Development of a catalytic system for rernoving nitrogen oxides, NO., is an
important problem in environmental catalysis. It is well known that supported and
ion-exchanged Cu cata]ysts are active for deNO. reaction. For instance, Cu-ion-
exchanged ZSM-5 is one of the most reactive catalysts as reported by many workers.
The active species for the reaction have been characterized recently by FT-IR,i-6
ESR,2'4 STEM,7 XAFS8'iO, etc. Although, the reaction mechanism and mobility of Cu
ions in the reaction are proposed in these studies, they are conflicting with each other,
The reaction mechanism of deNO. reaction and the structure of reactive Cu-species
have been studied so far, and more detailed study is called fer, It is wide}y accepted
that Cu' ions stabilized strongly in the cation hole of ZSM-5 play a major role in
selective decomposition of NO through Cu'-dinitrosyl species as a pathway,i,6
whereas the Cu-dimer species, (Cu-O-Cu)2+, also plays a role for the active species, as
reported by several groups,2,ie,ii Thus, the characterization of active Cu species for
deNOx reaction has been in progress.
  However, it is generally accepted that redox performance of Cu ions relates to the
catalytic activity. In case of supported Cu catalysts, the redox of Cu ions correlates
strongly to the support. If the oxide-support is easily affected by the redox treatment,
it is expected that the redox mobility of Cu ions is more enhanced. In the present
study, Ti02-supported Cu (CulTi02) catalysts are chosen, because Ti ions in Ti02 are
easily reduced to Ti3' even by thermal treatment in vacuo at more than 573K.i2 In
fact, it is reported that the CulTi02 catalyst has high reactivities for selective
oxidation of ammonia,i3 and combustion of soot particles.i4 In this manner, Ti02 has
a peculiar effect on supported Cu ions, and this effect is expected to bring about the
high reactivity for the deNO. reaction.
  We have studied the catalytic reactivity for reduction of NO with H2 over
supported Cu catalysts reacted in a closed system. In the previous report,i5 it is found
that CulTi02 has a higher reactivity for reduction of NO at 473K than Cu supported
on other oxides, For the characterization of CulTi02 by ESR, XANES, and UV-VIS
spectroscopy, it is also found that both Cu and Ti ions are reduced easily by the
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treatment with hydrogen at 473K to form reduced ions, and Cu ions on Ti02 is
stabilized as a small metal particles after the treatment.i5 However, the correlation
between the local structure an(11or valence of Cu ions and catalytic reactivity is still
unclear. In order to clarify the structure of Cu ions which act as an active species for
NO reduction, Cu K-edge XAFS study is presented in this paper. By obtaining an
nformation of local structure around Cu ions, we discuss about the effect of Ti02
support and structural changes ofCu ions on Ti02 during the reaction.
Experimental
  Preparation of the Samples. Supported Cu samples are prepared by the method as
follows, The samples were obtained by impregnation of Ti02 (P25, Degussa) with an
aqueous solution of cupric nitrate (Cu(N03h•3H20) or cupric acetate
(Cu(CH3C02h•4H20), and followed by drying at 353K and calcination at 773K for 3 h.
The Ti02 support was calcined at 773K prier to impregnation, The loading amount is
1 - 8 wt9o as Cu for each sample. Reduced samples were carried out by the treatment
with 100 Torr of H2 at 473K for 1h after evacuation at the same temperature. As
pretreatment before each reaction or measurement, the sample was evacuated at
473K for 1 h. The reaction of NO with supported Cu-catalysts was carried out in a
closed system as described in the previous paper.i5 .
  Measurement of X-ray Absorption Spectra at Cu K-edge. The Cu K-edge XANES 1
EXAFS spectra were collected by a facility of BL-7C station at Photon Factory in the
National Laboratory for High Energy Physics (KEK-PF), with 2.5 GeV of ring energy
and 250 - 360 mA ofstored current, in a fluorescence mode at room temperature. The
                                                             emeasurements, Si(111) double crystal monochromator (d = 3.13551-A) was used,
Incident X-ray fiux and fluerescent emission were measured with ionization chambers
in which 100 9o nitrogen and 100 9o argon gases, respectively, are flowing at 1 atm.
The reduced and/or used samples were moved to the polyethylene bag and the bag
was sealed in the golve box filled with Ar gas to prevent the sample from exposing to
air.
   Computational analyses for the spectra were performed with the FACOM M1800
computer system at the Data Processing Center of Kyoto University. Each spectrum
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Table 1 Effect of pretreatment temperature on activity of NO
reduction with H2 oveT 2 wt9(o Cu/Ti02.a
Sample H2 pretreatment
temperature 1 K
NO conversion 1 O/o
reacted at 303Ka reacted at 473Kb
from nitrate
                 373
                 473
                 573
                 673
 CulTi02 nonefrom acetate
                 373
                 473
                 573
                 673
a Catalyst O.1 g. Reacted for 1 h,
b Reactant : NO and H2 (28 pmol, each).
C Reactant : NO and H2 (88 pmol, each),
TabEe 2 Effect of Cu-loading on activity and selectivity for NO
reduction over Cu!Ti02 (pretreated with H2 at 473K).a
Sample (Cu loading) NO conversion 1 9o N2 selectivity 1 9o
Cu/Ti02 from nitrate
Åé-tiliti"d}"l-f6'iii'-ft'6'e'i'a'i-i-t"'-M-"--'"'-----"---'mtt't-t-'-----'-"-'-""L-----
a Catalyst : O.1 g. ; Reactant : NO and H2 (88 ptmol,
 Reacted at 473 K for1 h.
each).
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was normalized to the height of the McMaster curve which is an approximation of
absorption by a free atom after removal of the contribution from absorptions other
than the K-edge absorption, as described elsewhere.i6 The le3-weighted EXAFS
spectra were obtained from normalized EXAFS spectra, and Fourier-transformations
were performed within the range Ah = 3 - 12 A'i without any phase shift correction.
Curve-fitting analyses were performed with the empirical parameters extracted from
Cu foil for Cu-Cu shells and from Cu20 for Cu-O shells.
  Measurement of UV-VIS spectroseopy. UV-VIS spectra were recorded in a diffuse
reflectance mode at room temperature with a Perkin-Elmer LAMBDA-19, using an in
situ cell.
Results and Discussion
(1) Comparison between Cu/Ti02 prepared frorn nitrate and acetate on reactivity for
NO reduction.
   In our previous report,i5 it is shown that Ti02-supported Cu (2 wt% as Cu) catalyst
prepared from nitrate and pretreated with H2 at 473K exhibits higher activity for the
NO reduction than Cu supported on other supports, such as A1203, Si02, MgO, and
ZnO. As for the pretreatment temperature with H2, it has been found that 473K is the
optimum temperature for NO reduction at 303 K.i5
   The relation between reactivity for NO reduction and H2 treatment temperature
over the CulTi02 samples prepared from cupric nitrate and acetate was investigated.
The result is shown in Table 1. In case of the reaction at 303K, NO conversion is
maximized when H2 pretreatment temperature is 473K in the samples prepared from
nitrate and acetate. It suggests that 473K is also the optimum temperature for NO
reduction over the sairiples from acetate, and reactivity is similar to that over the
samples from nitrate, However, in the reaction at 473K, NO conversion (88 lmiol of
NO) is kept 70 - 76 9o over both samples from nitrate and acetate in the H2
pretreatment temperature range 373 - 673K,
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Fig. 1 Relationship betweefi reactioh temperature and the activity
on NO reduction over 2 wt9o CufTi02 prepared from cupric
nitrate and acetate.
Catalyst O.1 g. Pretreated with H2 at 473K.
Reactant NO and H2 (28 ptmol, each). Reacted for 1 h.
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and aeetate with 2 wt9o Cu loading (315 ymol.(g-sampleÅr1 as Cu) is shown in Table 4.
The reactions take place catalytically. It is deduced that the decrease of activation for
the sample from acetate is less than that for the sample from nitrate by successive
reaction. It also suggests that the sample from acetate possess more appropriate
reactivity for NO reduction than that from nitrate, and the active species for NO
reduction is different between these samples.
(2) Cu K-edge XAFS Studcr of Cu !Ti02
  In our previous report,!5 it is concluded in 2 wt9o Cu/Ti02 samples prepared from
nitrate that the treatment with hydrogen at 473K brings about the formation of Cu
metal particles and promotes the reduction ofTi ions studied by XANES, uv-VIS and
ESR spectroscopies. The extent of the reduction of Ti02 supporting Cu is much higher
than that of Ti02 itselÅí NO has a role for oxidizing both Cu and Ti ions even at room
temperature, and H2 has a role for reducing both ions. It is revealed that the active
Cu-species of CulTi02 from nitrate is CuO particle with a Cu metal core.
  To compare the structure of Cu species between the samples prepared from nitrate
and acetate, local structure around Cu ions andlor metals are investigated by means
of Cu K-edge XANES/EXAFS. The XANES spectra of 2 wt9e CulTi02 samples from
nitrate are shown in Fig. 3. For the sample before the pretreatment with H2, the
spectrum is almost similar to that of Cu(OH)2, indicating that Cu species on Ti02
exist as Cu2' ions centered in oxygen octahedra. After the treatment with Hl] at 473K,
the spectrum can be attributed to Cu metal.i5 In comparison with the spectra of 4
wt9o Cul'!ii02 sample from nitrate, they are similar to those for 2 wt9o sample before
and after the pretreatment, After pretreatment with H2, total spectral feature for both
the samples is of that for Cu metals. However, the careful observation of the peaks at
the absorption edge tel]s the presence of oxide. The peaks are not so well resolved as
those for Cu metal due to overlapping the peaks due to oxide phase. These peaks for 4
wt9o sample are unclearer than those for 2 wt9o sample, indicating that the spectrum
of 4 wt9o sample has a smaller intensity of Cu metal than that of 2 wt9o sample. This
is rationallized by the difference spectrum as shown in Fig. 3. The spectrum was
obtained by subtration of the spectrum for 2 wt% sample multiplied by O.8 frorn the
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Table 3 Effect of Cu-loading on activity and selectivity for NO
         reduction over Cu/Ti02 (pretreated with H2 at 473K)
         in the initial stage,a
Sample (Cu loading) NO conversion 1 9(o N2 seEectivity 12,-
CulTi02 from nitrate
       1 wt9To
       2 wt91o
       4 wt9(o
       6 wt9o
       8 wte/o
Cu/Ti02 from acetate
       1 wt9o
       2 wta/o
       4 wt9o
       6 wt9o



















a Catalyst : O.1 g. ; Reactant : NO and H2 (55 pmol, each).
 Reacted at 473K for 2.5 min.
Table 4 Successive reactions of NO with H2 over 2 wt9e CulTi02
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a Catalyst O.1 g. Reacted at 473K for 1 h.
 Reactant NO and H2 (88pmol, each).
b The reactor was evacuated (not treated with H2) at 473K
  between each reactions.
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formation and the reaction path via. N20 intermediate is minor.
  For the samples from nitrate as shown in Fig. 2-1, the NO consumption rate at the
initial stage decreased with an increase in Cu loading amount less than 8 wt9e. The
results of reactivity in the initial stage (reacted for 2.5 min.) are shown in Table 1. In
comparison between various Cu loading samples in 1-6 wt9o, 2 wt9o Cu-loading
sample exhibits the highest activity for both NO conversion and N2 selectivity. In case
of 8 wt9e sample, the rate of NO conversion is the same as that for 2 wt9o one.
However, it can be considered that the reaction in 8 wt9o sample includes a non-
catalytic one. Thus, it suggests that the sample with 2 wt9o Cu is relatively the most
active for NO reduction to produce N2. 0n the other hand, for the samples from
acetate, the NO consumption rates at the initial stage are higher those that of the
samples from nitrate in the whole range of Cu loading amounts. In addition,
composition of N20 at the initial stage is smaller than that of the samples from
nitrate, as shown in Table 3. These results indicate that the samples from acetate are
more active for NO reduction to N2 than those from nitrate. In comparison between
the samples from acetate with various Cu-loading, 2 wt9o sample exhibits the highest
activity for both NO conversion and N2 selectivity. This result is similar to that for the
samples from nitrate. In case of the samples from acetate with 6 and 8 wt9e Cu,
selectivity to N2 reached 100 9o after 50 min from starting the reaction. For these
samples, NO is perfectly consumed within 20 min from starting the reaction. After
disappearance of NO, converting N20 to N2 is significantly faster than in case ofother
samples from acetate with lower Cu content, while it is not clear whether or not N2 is
produced catalytically. In case of the samples from acetate with higher Cu loadings,
the formation of N20 is larger and the reduction of N20 is faster after disappearance
ofNO. Frorn these results, it iS summarized that the samples prepared from acetate
exhibit more appropriate reactivity for NO reduction to produce N2 than those from
nitrate. Higher amount of Cu loading (6 -8 wt9o) shows lower activity for NO
reduction to N2 and/or N20 but higher activity for N20 reduction to N2 than lower
amount of Cu loading (1-4 wt%), 2 wt9o sample exhibits a highest activity in the
initial stage of the reaction.
   The result of the successive reaction ofNO and Hll over the samples from nitrate
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and acetate with 2 wt% Cu loading (315 illnol.(g-sample)1 as Cu) is shown in Table 4.
The reactions take place catalytically, It is deduced that the decrease of activation for
the sample from acetate is less than that for the sample from nitrate by successive
reaction. It also suggests that the sample from acetate possess more appropriate
reactivity for NO reduction than that from nitrate, and the active species for NO
reduction is difl7erent between these samples.
(2) Cu K-edge XA.FTS Study of Ca!Ti02
    In our previous report,15 it is concluded in 2 wt9o Cu/Ti02 samp]es prepared from
 nitrate that the treatment with hydrogen at 473K brings about the formation of Cu
 metal particles and promotes the reduction ofTi ions studied by XANES, UV-VIS and
 ESR spectroscopies. The extent of the reduction of Ti02 supporting Cu is much higher
 than that of Ti02 itselÅí NO has a role for oxidizing both Cu and Ti ions even at room
 temperature, and Hle has a role for reducing both ions, It is revealed that the active
 Cu-species of CulTi02 from nitrate is CuO particle with a Cu metal core.
   To compare the structure of Cu species between the samples prepared from nitrate
and acetate, local structure around Cu ions andior metals are investigated by means
of Cu K-edge XANESIEXAFS. The XANES spectra of 2 wt9o Cu/Ti02 samples from
nitrate are shown in Fig. 3. For the sample before the pretreatment with H2, the
spectrum is almost similar to that of Cu(OH)2, indicating that Cu species on Ti02
exist as Cu2+ ions centered in oxygen octahedra. After the treatment with H2 at 473K,
the spectrum can be attributed to Cu metal.i5 In comparison with the spectra of 4
wt9o Cu!Ti02 sample from nitrate, they are similar to those for 2 wt9o sample before
and after the pretreatment. After pretreatment with H2, total spectral feature for both
the samples is of that for Cu metals. However, the carefu1 observation of the peaks at
the absorption edge tells the presence of oxide. The peaks are not so well resolved as
those for Cu metal due to.overlapping the peaks due to oxide phase. These peaks for 4
wt9o sample are unclearer than those for 2 wt9o sample, indicating that the spectrum
of4 wt9e sample has a smaller intensity of Cu metal than that of 2 wt9o sample. This
is rationallized by the difference spectrum as shown in Fig. 3. The spectrum was
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Fig. 3 Cu K-edge XANES spectra ofCulTi02 samples prepared from nitrate.
a calcined at 773K.
btreated with H2 at 473K for1 h. •
c after admission of (NO+H2) to sample b at 473K for 1 h.
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Cu K-edge XANES spectra ofCuA"i02 samples from acetate treated
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A at 473K (B).
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obtained by subtration of the spectrum for 2 wt9o sample multiplied by O.8 from the
spectrum for 4 wt9e. The feature of the difference spectrum is that of oxide phase,
indicating that the fraction of CuO in the spectrum of pretreated 2 wt9e sample is
higher than that of pretreated 4 wt9o sample. It suggests that the Cu ions in 2 wt9o
sample is reduced to CuO more easily than those in 4 wt9o sample in this condition of
HÅí treatment. In our previous paper,i5 it was proposed by XANES study that Cu
metal species are oxidized by admission of NO even at room temperature to forrn
octahedral}y eoordinated Cu2' species by admission of NO at 473K In ease of the
samples after admission of (NO + H2) mixed gases, the spectrum in Fig. 3 suggesbs the
coexistence of Cu metal and its oxidized ions, indicating that Cu metal species are
partially oxidized by the admission.
  The spectra for the samp!es from acetate pretreated with H2 at 473K are shown in
Fig, 4. For 1 - 2 wt9e of Cu loading, the spectra can be attributed to a mixture ofCu2'
ions and Cu+ and/or CuO. The spectral feature around post-edge peak (due to electron
transition of ls - tlpzi7) is very similar to Cu(OH)2but position ofadsorption threshold
is lower than that for Cu2', resulting the lack of pre-edge peak (due to ls - 3d
transitioni8). However, for the spectrum of 2 wt9o Cu sample, the energy position of
post-edge peak is the same as that for Cu metal, suggesting that CuO and Cu2' ions
coexist. In comparison between the samples prepared from nitrate and acetate in 2
wt9o of Cu loading, although, the H2 treatment brings about the reduction of Cu ions
in both samples, Cu metals are not definitely formed in the sample from acetate but in
the sample from nitrate. It is directed that Cu ions in the sample frorn nitrate is
reduced easier than those in the sample from acetate. The spectra of 4-8 wt9o Cu
show the fermation of Cu metal species clearly. In comparison with these samples, it
may suggest that intensity ofCu metal in 4 wt9e Cu is relatively higher than that in 8
wt9o.
  The changes of Cu species on TYL02 before and after the reaction were investigated
by means of EXAFS in 2 wt9o Cu samples, which have a high reactivity at the initial
stage. The k3-weighted EXAFS oscillations and Fourier-transformed EXAFS (FT-
EXAFS) of the samples from both nitrate and acetate are shown in Fig. 5. In the
whole cases, the oscillations strongly reflect the scattering of Cu-Cu in the local
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Fig. 5 EXAFS oscillations of2wt9e CulTi02 prepared from nitrate and acetate
lnfore and after the reaction.
dfitted lines : after pretreatment with H2 at 473K prior to admission.
selid Iines : after admissien of (NO+H2) at 473K for 1 h.
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 structure of CuO metal species, which gives a peak at 2.3 A in FT-EXAFS (shown in
 Fig. 6). In case of a sample from nitrate after H2 treatment at 473K, the intensity of
 the oscillation due to the scattering of Cu-Cu metal is smaller than that of Cu metal,
 exhibiting that micro particles ofCu metal are stabilized. For the sample from acetate
 after Hl] treatment, the Cu-Cu scattering is also observed, while Cu metal is less
 observed by XANES spectrum. It is remarkably shown that the intensity of Cu-Cu
 scattering in the sample from nitrate is larger than that in the sample from acetate
 before and after (NO+H2) admission at 473K. This suggests that CuO meta! species
formed after pretreatment with H2 have a larger particle size for the nitrate sample
than those for acetate sample. For the samples from nitrate, the Cu-Cu scattering
becomes less intense by admission of (NO+H2), indicating that Cu metal particles
become smaller size. On the other hand, the Cu-Cu intensity for the samples from
acetate is less changed by the admission. It is a definite difference between the
samples prepared from nitrate and acetate. In these results, it can be considered that
the Cu metal particles in the sample from nitrate are oxidized in near-surface region,
but remained a Cu metal core which has a smaller particle size. In case of the sample
from acetate, the metal species are more stable for (NO+H2) admission than those of
the sample from nitrate.
   For F"I]-EXAFS shown in Fig. 6, a peak at 2.3 A due to Cu-Cu scattering and a
                         Dsmall peak at around 1.8 A possibly due to Cu-O scattering are observed for each
sample. The intensity of Cu-Cu peak relates to that of oscillation wave as mentioned
above. For the samples from nitrate, the Cu-Cu peak at 2.3 A becomes less intense by
(NO+H2) admission at 473K On the other hand, for the samples from acetate, the Cu-
O peak at around 1.8 A are investigated defmitely even after H2 pretreatment. It
supports the coexistence of Cu metallic species and oxidized ones in this sample. After
admission of (NO+H2) at 473K, the Cu-Cu peak is less intense and the Cu-O peak is
more intense. It is deduced that the effect of admission for Cu species on Ti02 is
different between the samples prepared from nitrate and acetate, i.e., Cu-metal
particle size is reduced by admission for the nitrate sample, but it is a little enlarged
for the acetate sample.
  To estimate the particle size of Cu metallic species, we performed curve fitting of
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Cu-O and Cu-Cu shells by inverse-FT after FT-filtered EXAFS in the range of AR =
1.1 - 2.7 A. The results are shown in Table 5. In Fig. 7, the best fits for 2 wt9o CulTi02
samples from nitrate and acetate are shown as examples, For all the samples, two-
shell-fitting of both Cu-O and Cu-Cu bonds gave the satisfactory result. For 2 wt9o
Cu/Ti02 sample from nitrate, coordination number (CN) of Cu is estimated to be 10.6
before (NO+H2) admission, supporting that Cu metal species exist as a small metal
particle because of srnaller number than that of Cu metal sample. The CN decreased
evidently to 7.5 by (NO+H2) admitting. It substantiates that the metal particle
becomes smaller. The CNs for oxygen as well as the Debye-Waller factors include
large errors and we can not discuss the size of oxidized layer on the basis of CN, But
the bond distance between Cu and oxygen shows that Cu ions are divalent. For the 2
wt9o sample from acetate, the CNs before and after admission are almost similar to
each other, supporting that Cu rnetal particle is stable for (NO+H2) mixed gases. In
these results, the active Cu species in 2 wt9o CulTi02 samples consists of Cu-metal
particles and oxidized species, Again, we can not discuss the CN of oxygen but the
shorter bond distances than those found in the case of 2 wt9o CulTi02 sample from
nitrate suggests that Cu ions are monovalent. Thus, it is deduced that the admission
of (NO+H2) at 473K brings about the formation of Cu metal species having a suitable
particle size for reduction ofNO.
   As a reference, the curve fitting results of EXAFS spectra for the samples from
acetate with higher Cu loading are shown in Table 5. Before the admission of
(NO+H2), the CNs are 10.2 and 10.6 in 4 and 8 wt9o of Cu loading, respectively. It
suggests that the particle size is larger than that in 2 wt9o sample, and the particle
size for 4 and 8 wt9o Cu samples is almost the same as each other. After admission of
(NO+H2), the size becomes smaller in both samples, but the reduction of the size is
smaller in 4 wt9e than in 8 wt9o. This evidence is similar to that of the sample from
nitrate, It strongly suggests that admission of (NO+H2) gives the oxidation of Cu
metal particles in the surface region to form smaller particles, but the degree of
oxidation depends on the particle size. Suitable particle size for NO reduction is
formed by the admission. Therefore, this species exists as an active one for NO
reduction. If it is justified, the acetate sample is more stable than the nitrate sample
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Fig. 6 Fourier-transformed EXAFS of2wt9e CulTi02 prepared from nitrate and acetate
 before and after reaction, '
 (A) after pretreatment with H2 at 473K prior to admission.
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Fig. 7 The best fitting ofFourier back-filteredEXAFS oscillations jn the
      range AR=1.1-2.7 A.
 ?iOt:.dnglionefSc:ui..SoOl fiteddcEuX.cAuF.S, dOtted lines : model EXAFS obtained by 2-shell
 A Treated with H2 at 473K for 1 h prior to admission.
 B After admission of(NO+H2) at 473K for 1 h.
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Table 5 Results of EXAFS analysis by curve-fitting of 2-shells (Cu-O and
     Cu-Cu) at AR = 1.7-2.7 A.*'
Sample shell N(Nc) R!A AG2/10-3A2 R-factor1 9o
Cu metal Cu-Cu 12 2.56
2 wt9o Cu/Ti02 from nitrate
     A Cu-O 2.7 (1,6) 2.00(O.03) 85 (16.5) 3.9
             Cu-Cu 10,6 (O.9) 2.55(O.Ol) O.7 (1.3)
     B Cu•-O 2,5 (1.1) 1.96(O.02) 5.2 (6.0) 4.8
             Cu-Cu 7,5 (O.7) 256(O.Ol) O.O (5.7)
2 wt9e CulTi02 from acetate
     A Cu-O 1.7 (05) 1.85(O.Ol) -1.6 (1.3) 6.6
             Cu-Cu 6.3 (O.5) 2.56(O.Ol) 1.1 (O,5)
     B Cu-O 3.4 (O.8) 1,89(O.Ol) 8.3 (4.4) 6.0
             Cu-Cu 6.2 (O.5) 2.55(O.Ol) O.4 (O,6)
4 wt9o CuA"i02 from acetate
     A Cu-O 2.8 (1.3) 1.98(O.05) 8.4 (7.5) 2.4
             Cu-Cu 10.2 (1.0) 2.55(O,Ol) O.1 (O,7)
     B Cu-O 4.6 (1.2) 1.94(O,03) 19.1 (ll.O) 4.8
             Cu-Cu 8.6 (O.5) 255(O,Ol) O.1 (O.7)
8 wt9o CulTi02 from acetate
    A Cu-O 2.5 (1.2) 2.00(O.02) 4.5 (7.5) 4.0
             Cu-Cu 10.6 (1.e) 2.55(O.Ol) O,8 (O.7)
     B Cu-O 3.9 (1.0) 1.91(O.Ol) 17.5 (14.0) 5.2
             Cu-Cu 8.0 (O.7) 2.55(O.Ol) O.8 (O.7)
*The values in parentheses are the standard deviations,
A After H2 pretreatment at 473K for 1 h prior to admission.
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Fig. 8 Diffuse reflectance UV•tVIS spectra of2wt9e CulTi02 prepared from
nitrate and acetate before and after reaction.
(A) after pretreatment with H2 at 473K prior to admission.
(B) after admission of (NO+H2) at 473K for 1 h:
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for the reaction in 2 wt9o Cu. By means of UV-VIS spectroscopy in a diffuse
reflectance mode shown in Fig. 8, the spectra in both the nitrate and acetate samples
with 2 wt9o Cu have a peak cantered at around 580 nm is observed. This absorption is
due to the existence of Cu-metal micro particles with 100 - 300 A of particle size, as
reported in the study of Cu metal colloids.19,20 After adrnission of (NO+H2), the
absorption band becomes less intense in the samples frorn acetate although it still
remains. For the sample from nitrate, the band is almost disappeared and a new band
is seen centered at 700 nm, which is attributed octahedrally coordinated Cu2' as
found in case of Cu(OH)2.2i,22 It is to be noted that the absorption bands in the region
of 200 - 300 nm are different between the samples prepared from nitrate and acetate.
In case of the sample from nitrate, both (A) and (B) exhibit the similar feature to the
reduced Ti02. 0n the contrary, in case of the sample from acetate, both (A) and (B)
exhibit the similar one and to Ti02 in oxidized state. The presence of Cu in the nitrate
samples urged the reduction of Ti02, but that in the acetate sample, does not affect the
                                                          r
'I'i02 at all. Feasibility of Ti02 reduction may dominate the stability of Cu particles,
These evidences relate to that ofEXAFS. However, Cu-Cu CN for the 2 wte/o sample
                                                 ofrom acetate is 6.2 - 6,3 which corresponds to 8 - 20 A diameter of the Cu cluster
provided that Cu cluster is spherical.23 This is inconsistent with the size predicted by
UV-VIS spectrum. If the spherical cluster was so small, then the peaks due to the
presence of Cu atoms in the third and fourth shel]s at Ionger distances in FT-EXAFS
in Fig. 6 should have been invisible. The small CN and the clear peaks at long
distances show that the Cu cluster in the 2 wt9e sample from acetate are not
spherical. It is likely that the cluster is raft-like with a few atomic layers. If
monolayer cluster of Cu(110) is assumed, CN is always less than 6 and number of Cu
atoms in the thrid shell becomes extremely small, Ifthe two-layer cluster is assumed,
                                   ethe CN, 6.2-6.3, corresponds to 20 - 100A particle size, which depends on the shape of
the cluster. In any case, the Cu cluster presurnably has the thin-layered raft-like
structure. The spectral feature ofXAJNES proves that electronic band structure is very
simi1ar to that of bulk Cu, In such case, behavior of free electrons in Cu cluster is
expected to be similar to that ofbulk Cu that the narrow VIS absorption peak at 580
nm is due to the presence of fairly large Cu raft-like cluster.
  The suitable Cu metal particle for NO reduction has ca. 100 Angstroms of particle
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 size.
 Conclusion
   From the results mentioned above, it is concluded that the Cu metal species with
 suitable metal particle size for NO reduction and oxidized Cu ions partly exist as
 active ones. In this species, Cu ions exist as CuO in a core and Cu2+ (and Cu+, partly)
 in near-surfaee region. By means of UV-VIS spectroscopy, the presence ofoctahedrally
 coordinated Cu2"is observed and Cu" is not found definitely in 2 wt9e CulTi02 sample
from nitrate, and the sample from acetate exhibited a similar phenomenon. Thus, it
possibly deduced that coexistence of CuO and Cu2' relates to generate the active
species. By rneans of EXAFS studies, suitable particle size of Cu metal leads to the
active center.
   In case of Ti02-supported with Cu metal particle, it can be considered that the
redox performance is enhanced by other effect, such as SMSI. In fact, it is shown that
both Cu and Ti ions show a redox behavior easier than Ti02 only by means of ESR
study,i5 However, how metal species (and oxidized Cu2+) play a role for an active
center for NO reduction is still unclear, and it is now in progress.
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Chapter 5
Surface Copper-Ti02 Interaction Speeies for NO-CO Reactions
Abstract
  The catalytic properties of Cu/Ti02 have been studied for an NO-CO reaction as a
fu Lction c!f the calcination temperature, Cu content, and origin of Ti02, It was found
that Cu-Ti02 interaction species were responsible for a catalytic activity at a low
temperature (413 K). It is suggested by means of XAFS and TPR that a rutile phase of
Ti02 is very effective for the formation of the catalytically active Cu-Ti02 interaction
species in an octahedral symmetry.
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Introduction
    Recently, supported copper catalysts have been extensively investigated for the
 abatement of NO. frorn efllluent gases: Cu-exchanged zeolites for a direct
 decomposition of NO into N2 and 02 and for sglective reduction of NO by
 hydrocarbons in the presence of 02it3 and Cu-containing perovskite catalysts for the
 direct decomposition of NO and for NO reduction by C04-7. Copper catalysts
 supported on metal oxides have also been studied for NO reduction. Bauerle et al.8
 showed that AI203-supported Cu catalysts exhibited activities for an NO-CO reaction
 at a lower temperature than 593 K in an excess of CO. We have recently
 demonstrated that Zr029,iO and Ti02-supported Cu catalystsii show significantly
 high catalytic activities at low temperatures for NO reduction by CO or H2. Very
 recently, on the basis of an FTIR study ofNO and CO adsorptions, Boccuzzi et al.i2
also suggested a low temperature activity of CulTi02 for NO reduction by CO, With
CulZr02 catalysts, it was revealed on the basis of ]F"rlRiO Cu K-edge XAFS and TPR
(temperature programmed reduction) studies [13] that interactions between Cu and
Zr02 produced highly dispersed Cu species in an octahedral symmetry and thereby
highly active CuO species for a low temperature NO-CO reaction. In the case of
CulTi02 catalysts, it has been reported that metallic Cu species are readily oxidized
by NO even at room temperatureii.
   Metal andlor metal oxide-support interactions are considered to modify the
catalytic behaviors of Cu species for NO abatement reactions, In the present study,
the catalytic behaviors of Ti02-supported Cu catalysts were studied for NO-CO
reactions. It was found by means ofXAFS and TPR that Cu-Ti02 surface interactions
cause the generation of highly active Cu species at a low temperature,
Experimental Section
   Cul[11i02 catalysts were prepared by impregnating Ti02 powder with aqueous



















      Reaction Temperature 1 K
Catalytic Activity of 1 wt9o Cu/Ti02(TIO-•4) calcined at
573K(A), 773K(D), and 973K(O) for NO-CO reaction.
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'
air at 573, 773, 973 or 1173 K for 1 h. Three kinds of Ti02 were provided by the
Catalysis Society of Japan as reference catalysts (JRC-TIe-2, -3, and -4)i4. The
specific surface areas were 14.3, 49.2, and 47.6 rn2 g"1 for TIO-2, -3, and -4,
respectively, and the crystal structures determined by an X-ray powder diffraction
technique were anatase, rutile, and a mixture of anatase (739o) and rutile (279e),
respectively.
   NO-CO reactions were conducted using. a fixed bed flow reactor. The
concentrations of CO and NO in a He stream were 2500 ppm (12000 h-1). The catalyst
was treated at 673 K for 1 h in a stream of 59e 02 before the reaction. The reaction
temperature was increased at a rate of 3 K min'1 from room temperature to a desired
temperature. The reaction gas was analyzed by means of an on-line gas
chromatography,
   In the TPR experiments, the catalyst sample was reduced in a stream of 19e
CO/He. The reduction temperature was ramped at a rate of 3 K min"i from room
temperature to 673 K The amount of C02 formed was periodically analyzed using an
on-line gas chromatography.
  The Cu K-edge XANES spectra of CulTi02 were measured using a Si(111) double
crystal monochromator at the BIr7C station at the Photon Factory in the National
Laboratory for High Energy Physics with 2.5 GeV ring energy in a fluorescence mode.
The spectra of the catalyst samples were obtained at room temperature.
Results and Discussion
  Figure 1 shows the catalytic activity of 1 wt9o Cu!I'i02 (TIO-4) for an NO-CO
reaction as a function of a calcination temperature, It is evident that the calcination
temperature strongly affects the activity of the catalyst. The catalyst calcined at 973
K shows activities in two temperature regions, that is, a low temperature activity at
around 413 K and a high temperature activity at År 523 K. At Åq 473 K, N20 was
selectively produced. On the other hand, CulTi02 calcined at 573 K showed only a
moderate activity at 413 K and Cu/Ti02 calcined at 773 K showed no activity at the
low temperature. A calcination at 1173 K completely lost the activity (not shown).
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  Taking into account the specific surface area of the catalysts (17 and 50 m2 gl for
  CulTi02 calcined at 973 K and 573 or 773 K), the results in Fig. 1 strongly suggest
  that with CulTi02 (TI04), catalytically active Cu-Ti02 interaction species are formed
  by the high temperature treatment.
    TPR experiments were conducted to examine if Cu-Ti02 interaction species are
 formed in the calcined CulTi02 catalysts. The TPR profiles are presented in Fig. 2 for
  1 wt9o Cull'i02 (TIO-4) calcined at 573, 773, and 973 K The reduction of crystalline
 CuO was found to take place at 523 K under the present TPR conditions. The
 reduction peaks at 333 K and ca. 373 K apparently indicate the formation of Cu
 species reducible at much lower temperature than CuO, showing the formation of Cu-
 Ti02 interaction species. The TPR peak at 353 K observed for CulTi02 calcined at 773
 K is considered to be due to a convolution of the two reduction peaks. It is speculated
 on the basis of the reduction temperature that a weak TPR peak observed at 483 K for
 CulTi02 calcined at 573 K is due to surface CuO clusters and that a broad C02
 evolution peak at around 573 K for the 773 K-calcined catalyst to subsurface Cu-Ti02
 mteraction species. A weak feature observed at År 723 K for CulTi02 calcined at 573 K
 may be ascribed to disproportion of CO to C02 on metallic Cu species!3. It is
 concluded from Fig. 2 that various Cu-Ti02 interaction species are formed. A
comparison of the activity to the TPR profile suggests that the Cu species reduced at
333 K are not responsible for the generation of the low temperature activity for the
NO-CO reaction but that the TPR peak at around 373 K is correlated to the activity,
   The XANES spectra of Cu K-edge are shown in Fig. 3 for 1 wt9o Cullri02 (TIO-4)
calcined at 573, 973, and 1173 K The Cu K-edge XANES spectra for reference
compounds are also presented in Fig. 3 for comparison. The XANES features of the
Culri02 calcined at 573 and 973 K are very close to that for Cu(OH)2, suggesting that
the Cu-Ti02 interaction species are in an octahedral symmetry as reported
previously.il Unfortunately, the XANES spectra cannot discriminate the highly active
and less active Cu species at the low temperature. With 1 wt9o CulTi02 calcined at
1173 K, the XANES spectrum indicates a clear sign of a formation of CuO, that is, a
post-edge peak at 8986 eV and a hump at 9013 eV. The transformation of the Cu-TiO
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Fig. 3 Cu K-edge XANES spectra of 1 wt9o Cu/Ti02 calcined at
(a) 573, (b) 973, and (c) 1173 K, and for reference compounds,
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interaction species into CuO is responsible for the significant loss of the activity of the
catalyst.
   The dependence of the catalytic activity of CulTi02 on the Cu content was
examined for the NO-CO reaction. It was found that the NO conversion of CulTi02 at
413 K linearly increased up to 1 wt9o Cu and leveled off at 3 wt9o Cu, followed by a
slight decrease at 5 wt9e. The activity at a higher temperature than 523 K showed a
different tendency, in which 3 wWo Cu/1)i02 showed the maximum activity. The TPR
profiles for 3 wt9o and 5 wWo CulTi02 (TIO-4) showed a strong reduction peak at 473-
523 K, which is ascribed to the reduction of CuO, in addition to the TPR peaks due to
the Cu-Ti02 interaction species. In accordance with the TPR results, the XANES
spectra for 3 and 5 wt9o CulTi02 calcined at 973 K indicated a formation of CuO (8986
and 9013 eV-peaks). These results indicate that the amount of the interaction species
is limited and saturated at 1 wt9o Cu for CulTi02 (TIO-4).
   The effect of Ti02 on the catalytic behaviors of 1 wt9o CulTi02 for the NO-CO
reaction is presented in Fig, 4. The Iow temperature activity of Cu!Ti02 (TIO-3) is
almost the same as that of CulTi02 (TIO-4), while at a higher temperature than 523
K the activity of the TIO-3 derived catalyst prevailed that of TIO-4-supported
catalyst. The activity of CulTi02 (TIO-3) was steeply lost at 673 K, probab]y due to
SMSI effects,i5 whereas Cu/Ti02 (TIO-4) showed an increasing activity with
increasing reaction temperature. On the other hand, Cu!Ti02 (TIO-2) showed only a
marginal activity over the whole reaction temperature region studied here. It is
revealed that the kind of the Ti02 support strongly affects the catalytic behaviors of
Cu species for the NO-CO reaction. Figure 5 shows the TPR profiles for 1 wt9o
Cu!Ti02 prepared using difirerent Ti02 supports and calcined at 973 K. The profiles
were considerably different between the Cu/Ti02 catalysts. The TPR peak at 333 K is
prominent for TIO-2 and TIO-4, while the TPR peak at 383 K is characteristic to TIO-
3 and TIO-4. In addition to these low temperature TPR features, CulTi02 (TIO;3)
showed a strong peak at 543 K ascribed to subsurface Cu-Ti02 compounds. TIO-2 and
TIO-3 are pure anatase and rutile by the XRD analysis, respectively, while TIO-4
contains both phases. Accordingly, it is proposed that the formations of Cu-Ti02
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interaction species are strongly affected by the crystal structure of Ti02 and that the
Cu species reduced at 333 K is produced on the anatase phase, whereas the Cu species
reduced at 383 K on the rutile phase. Comparing the NO conversion in Fig. 4 and the
TPR profiIes in Fig. 5, it is conceivable that the Cu species reduced at 383 K are
responsible for the low temperature activity of CulTi02, in conformity with the above
suggestions for the effect of the calcination temperature of 1 wt9o CulTi02 (TIO-4). It
is concluded that catalytically active Cu-Ti02 interaction species are forrned only on
the rutile surface ofTi02. The rutile surface may produce the subsurface Cu species,
for instance a CuTi03 like phase with an illuminate structure. In line with the
conclusions, 1 wt9o CulTiOp. (TIO-3) calcined at 573 K showed a high activity at a low
temperature as presented in Fig. 4.
   Irrespective of Ti02 used, the XANES features indicate the formation of Cu2'
species in an octahedral symmetry when 1 wt9o CulTi02 was calcined at 973 K. A
more detailed XAFS study is under way to define exact nature of several knds of Cu-
Ti02 interaction species.
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Chapter 6
Catalysis and Physicochemical Charaeterization of





  The structure and reduction behaviors of Zr02-supported Cu species have been
characterized by means of XANES, EXAFS, and TPR. It was found that highly
dispersed Cu2+ species, interacting with a Zr02 surface and in an octahedral
symmetry, dominated at a lower Cu content than 1 wt9o and that the amount of
formation of the Cu2+ species, 2.9 Å~ 10i4 Cu atoms cm-i, was saturated at a Cu
loading of 1 wt9o. On the other hand, CuO was exclusively formed at a Cu content
exceeding 1 wt9o. The highly dispersed Cu2' species were reduced by CO at a much
lower temperature than CuO, producing highly dispersed Cu' species at 373 K and
subsequently highly dispersed CuO species at 443-453 K. It is concluded that a high
catalytic activity of Cu/Zr02 for NO-CO reactions at a low temperature is brought
about by the highly dispersed CuO species generated by a low-temperature
reduction of the Cu2' species interacting with the Zr02 surface.
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Introduction
    Supported copper catalysts have recently attracted much attention because of
 their high catalytic activities for NO. abatement reactions. Cu-exchanged zeoiites,
 in particular, Cu-ZSM-5, show prominent catalytic activities for selective reductions
 ofNO by hydrocarbons in the presence of 02 and for a direct decomposition ofNO
 into N2 and 02.iF3 Perovskite catalysts4-7 containing Cu exhibit high activities for
 the direct decomposition of NO and for NO reduction by CO. The latter reaction is
 also catalyzed by Cu catalysts supported on metal oxides. Although the reduction of
 NO using CO is one of the most fundamental reactions in the abatement of NO. in
 exhaust gases, NO-CO reactions over Cu catalysts have never been fu11y developed
 nor understood yet. Bauerle et al.8 showed that A1203-supported CuO and CuCr204
exhibited catalytic activities for an NO-CO reactien at a lower temperature than
593 K in an excess of CO. In our previous studies, Ti02-supported Cu catalysts
were found to show significantly high catalytic activities at low temperatures for
NO reduction by C09,iO and, in partieular, by H2.ii However, the activity of
CulTi02 was lost at 523 K for NO-CO reactions.9 Very recently, on the basis of an
FTIR study of NO and CO adsorptions, Boccuzzi et al.i2 also suggested a low
temperature activity of CulTi02 for NO reduction by CO. It was revealed in our
previous study9,iO that Cu/Zr02 catalysts were active as highly as CulTi02
catalysts for NO-CO reactions at 373-423 K and much more active than the Ti02-
supported catalysts at a higher temperature than 473 K. It has been suggested with
CulZr02 catalystsiO that Cu species highly active for NO-CO reactions are formed
on a Zr02 surface together with less active species and that the amount of the
former Cu species is limited and saturated within 1 wt9o Cu.
   In the present study, to obtain more detailed information on the catalytically
active Cu species on Zr02, the structure and reduction behaviors of the Cu species
supported on Zr02 were characterized by means of X-ray absorption near edge
structure (XANES), extended X-ray absorption fine structure (EXAFS), and
temperature programmed reduction (TPR) techniques. The deactivation,




   Catalyst Preparation. CulZr02 catalysts were prepared by impregnating Zr02
with aqueous solutions of Cu(CH3COO)2. After drying at 383 K for 20 h, the
catalyst was calcined in air at 973 K for 1 h using an electric furnace. Zirconia was
provided by Dai-ichi Kigenso Ltd. (EP, 1.38wt%; HÅí 25 m21g),
   Reaetion Procedures. NO-CO reactions were carried out using a fixed bed fiow
reactor (O.1 g cat). The flow rates of the reaction gases were controlled by means of
mass flow meters (Ueshima-Brooks, 5850E). The concentrations of CO and NO in a
He stream were 2500 ppm (20 cm3 min'1 or GHSV; 12000 h'i), unless otherwise
noted, The catalyst was treated at 673 K for 1 h in a stream of59o 02 before the
reaction. The reaction temperature was increased at a rate of 3 K min-i from room
temperature to a desired temperature, The reaction gas was analyzed by means of
an on-Iine gas chromatography,
   Tenzperatare Programmed Reduction (TPR). The catalyst sample was reduced in
a stream of 19o CO/He (10 cm3 min'1). The reduction temperature was ramped at a
rate of3 K min"1 from room temperature to 673 K The amount of C02 formed was
periodically analyzed using an on-line gas chromatography.
  Measurements of Cu K-edge Absorption Spectra. The Cu K-edge XANES and
EXAFS spectra of CulZr02 were measured using a Si(111) double crystal (d =
O.31366 nm) monochromator at the BL-7C station at the Photon Factory in the
National Laboratory for High Energy Physics with 2.5 GeV ring energy in a
fluorescence mode. The spectra of the catalyst samp]es were obtained at room
temperature using an in situ EXAFS cell with Kapton windows.
Results and Discussion
  Figure 1 presents the catalytic activities of the CulZr02 catalysts as a function
of Cu content and reaction temperature. The activity expressed by an NO
conversion appeared at a higher temperature than 373 K and reached a maximum
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Fig. 1 Catalytic activities of CulZr02 catalysts as expressed by
the NO conversion for NO-CO reaction (CO 2000 ppm
and NO 2000 ppm) as a function of the reaction
temperature and Cu content.
O; O,5 wt9o, A; 1 wt9o, O; 3 wt9o, and A; 5 wt9e.
-152-
at about 443 K, followed by a second aceivity increase at a further increase in the
temperature ( År 523 K). Since the CO and NO compositions were 2000 and 2500
ppm, respectively, in these experiments, it should be noted that so long as a direct
decomposition ofNO does not take place, the maximum conversion of NO is limited
to 809o in Fig. 1. Nitrous oxide was exclusively produced at a lower temperature
than 443 K. The selectivity to N20 decreased as the reaction temperature increased
further and became negligible at a higher temperature than 523 K, selectively
producing N2•
  As shown in Fig. 2 (CO; 2500ppm and NO; 2500ppm), the NO conversion at 473
K increased with the Cu content and was maximized at 1 wt9o Cu, foliowed by a
gradual decrease at a further increase in the Cu loading. It is suggested from Fig. 2
that the amount of the Cu species which show a low temperature activity for the
reduction of NO by CO is limited and saturated at 1 wt9o Cu. Figure 2 also presents
the turnover frequency (TOF; s'!) of the reaction at 473 K calculated on the basis of
the total Cu content. It is evident that the TOF decreases as the Cu content
increases, clearly indicating an increase in the fraction of less active Cu species
with increasing Cu content.
   It was found that the activity peak observed at 443 K disappeared when the
temperature programmed reaction was conducted again after the reaction
temperature had been raised up to 573 K and cooled down to room temperature in
the stream of the reaction gas, On the other hand, an almost identical catalytic
activity was observed at a higher temperature than 573 K in the second reaction
cycle. Therefore, it is conceivable that catalytically active Cu species are different in
the region of the reaction temperature, that is, Åq 473 K and År 523 K and that the
Cu species active at Åq 473 K are readily deactivated during the reaction, in
particular, at a higher temperature.
   For deeper understandings of the catalytic behaviors of Cu/Zr02 catalysts for
NO-CO reactions, it is of a great importance to elucidate the structure and
electronic state of the Cu species catalytically active, in particular, at the low
temperature and to clarify deactivation mechanisms on a molecular level, The X-
ray absorption spectra of the Cu K-edgei4-i6 6f Cu/Zr02 catalysts were measured to
unveil the structure and electronic state of the Cu species in oxidized state and in
reduced states, The reduction behaviors of the Cu species in CulZr02 were also
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Fig. 2' NO eonversion (O) and turnover frequency (e) of
Cu/Zr02 at 473 K as a function of Cu content.
CO and NOconcentrations are 2500 ppm.
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examined by means ofTPR.
   Figure 3 shows the Cu K-edge XANES spectra of the CulZr02 catalysts
possessing O.5, 1, 3, and 5 wt9e Cu, after calcination at 973 K. The sample was
treated at 673 K for 1 h in a stream of 59o 02/He prior to the measurements. The
XANES spectra of reference compounds, CuO (Cu2+ in a square symmetry),
Cu(OH)2 (Cu2' in an octahedral symmetry), and Cu(CH3COO)2.2H20 (Cu2' in an
octahedral symmetry), are shown in Fig, 4 for comparison. The O,5 and 1 wt9e
Cu/Zr02 catalysbs showed XANES spectra very close to that for Cu(OH)2, indicating
that major Cu2+ species in the catalysts are surrounded by six 02' anions in the
oxidized state. On the other hand, clear hurnps appeared at 8986 and 9013 eV at 3
wt9o Cu and increased in intensity as the Cu content increased up to 5 wt9o, Since
CuO shows similar characteristic peaks in the XANES spectrum as presented in
Fig. 4, it is suggested that CuO is formed at the higher Cu content than 1 wtale, in
addition to the Cu2+ species in an octahedral coordination and that the fraction of
CuO increases with increasing Cu content.
   Figure 5 shows the background subtracted h3-weighted EXAFS oscillations,
k3x(h), for the calcined CuvZr02 catalysts having various Cu contents together with
those for CuO and Cu(OH)2 for comparison. With CulZr02 having 3 and 5 wt9o Cu,
there appeared oscillations at 8.0 and 8.5 A-i characteristic to CuO, in agreement
with the suggestions by XANES in Fig. 3. The Fourier transforms of k3x(k) are
shown in Fig. 6 for the caleined catalysts (Ah = 2.8 - 11.8A-1). The Fourier transform
for O.5 wt9o CulZr02 is significantly different from that of CuO or Cu(OH)2,
suggesting a formation of Cu species in a distinct local structure. The absence of
Cu-Cu bondings for O.5 wt9o CulZr02 suggests that the Cu2' species in an
octahedral symmetry are,highly, possibly atomically, dispersed on the Zr02 surface.
  On the other hand, with CulZr02 having a larger Cu content than 1 wt9e, a weak
peak due te Cu-Cu bondings appeared at O,28 -O.29 nrn (not corrected for phase
shifts) in addition to Cu-O bondings at ca. O.15 nm. Structural parameters as
derived from an EXAFS analysis are summarized in Table 1. The Cu-Cu bond
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Fig. 3 Cu K-edge XANES spectra for calcined CulZr02 catalysts
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le3--weighted EXAFS oscillations, le3x(k), for calcined
CulZr02 catalysts with O.5, 1, 3, and 5 wt9o Cu.
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Fig. 6 Fourier transforms of le3x(k) for calcined CulZr02 cataiysts
possessing O.5, 1, 3, and 5 wt9e Cu.
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clusters. The coordination number ofthe Cu-Cu bondings increases with increasing
Cu content. Combined with the XANES and EXAFS results in Fig. 3 and Fig. 6,
respectively, it is Iikely that astable Cu oxide phase, CuO, is formed on the Zr02
surface at a higher Cu content than 1 wt9o in addition to the highly dispersed Cu
species in an octahedral symmetry and that the fraction of CuO increases with the
Cu content, especially at a higher Cu content than 1 wt9o. Takmg into account an
FT-IR study efhydroxyl groups ofZr02,iO it is proposed that the Cu2' species in an
octahedral symmetry form at'the expense of terminal OH groups on the Zr02
surface and that an exclusive formation of CuO particles starts after the terminal
surface OH groups are consumed.
   A TPR study of the CulZr02 catalysts having O.5, 1 and 5 wt9o Cu was conducted
in a 19o CO stream. TPR profiles expressed by a C02 formation are shown in Fig. 7.
No sigriificant formation of C02 was detected for Zr02. With 1 wt9o CulZr02, three
C02 evolution peaks were observed at 373, 443, and 643 K when the reduction
temperature was raised up to 673 K. The amount of C02 forrnation was estimated
on the basis of the peak area intensity of the profile. The total amount of C02
evolved up to 673 K was calculated to be 2.8 Å~ 10-4 moYg for 1 wt9o CulZr02. It
exceeded the amount ofC02 evolution expected from the Cu content in the sample,
1.6 Å~ 104 mol Culg and a reduction stoichiometry of reaction (1).
    CuO+CO--ÅrCuO+C02 (1)
If the TPR peak observed at a higher temperature than 523 K was removed, the
total amount of C02 evolved was calculated to be 1,6 Å~ 10t4 mol gl and consistent
with the Cu content used. Accordingly, it is deduced that the TPR peak extending
over a higher temperature than 523 K and maximized at 643 K is ascribed to a C02
formation due to a disproportion reaction of CO, reaction (2), on metallic Cu
surface, since similar and more extensive C02 formations were detected for 5wt9o
CulZr02 and CuO (not shown for brevity), while no significant evolution of C02 was
observed for Zr02 alone.
     2CO --År C+ C02 (2)
The intensity ratio of the reduction peak at 443 Kto that at 373 K was 1.60 for 1
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Fig. 7 Temperature programmed reduction (TPR) profiles of
calcined Zr02 and Cu/Zr02 catalysts in a steam of 1 9o
CO/He. Cu content; A:O wt9o, O:O.5 wt9o, e:1 wt9o,
and O:5 wt9o.
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  wt9o CulZr02.
     The TPR profile for O.5 wt9o CulZr02 is presented in Fig. 7, Two peaks were
  observed at 373 and 453 K together with the peak due to the disproportion of CO.
  The total area intensity of the forrner two peaks observed at Åq 523 K corresponded
  to O.80 x 10'4 mol Culg, in agreement with the composition ofthe sample (O.79 Å~ 10-
 4 mol Cu gl). The peak intensity ratio, higher temperature peak per lower
 temperature peak, was calculated to be 1.15 for O.5 wt9o Cu!Zr02.
    With the TPR profile of 5 wt9e Cu!Zr02, a very strong reduction peak was
 observed at 543 K in addition to the peaks at 373 and 463 K. The latter two
 reduction peaks obviously correspond to those observed for O.5 and 1 wt9o Cu!Zr02,
 The area intensity of the reduction peak at 373 K for 5 wt9e CulZr02 was
 approximately identical with that for 1 wt9o Cu/Zr02, A strong and broad C02
 evolution at 543 Kis assigned to a reduction of CuO to Cu metal on the basis of the
 reduction temperature of crystalline CuO at 523 K. It seems that the TPR profile of
 CuO in 5 wt9e CulZr02 is such broad that it extends down to 473 K or a lower
 temperature, distorting the TPR profile at 443 - 453 K. It has been reported with
 supported Co oxides17 that the reduction temperature depends on the particle size
 and decreases with decreasing particle size. A strong TPR peak at 613 K is ascribed
to the C02 formation by reaction (2).
   The TPR profiles indicate that there are two reduction peaks of Cu in CulZr02
which are not assigned to CuO, Ieading to a conclusion that Cu2" species
interacting with the Zr02 surface are formed. This is in conformity with the FT-
IR,iO XANES, and EXAFS results that the Cu2' species in an octahedral
coordination are formed at a lower Cu content than 1 wt9e at the expense of surface
OH groups. It is suggested from the TPR profile that two kinds of Cu2' species
having different reducibility to Cu metal or two consecutive reduction steps of one
kind of Cu2' species, that is, Cu2' to Cu' and Cu" to CuO. It is diMicult to
discriminate trwo possibilities on the basis of the TPR profiles alone, The reduction
behaviors of the Cu2' species were investigated by means of XANES and EXAFS.
  Figure 8 shows the XANES spectra of1 wt9e CulZr02 treated in a 1 9o CO at
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Fig. 8 Cu K-edge XANES spectra of 1 wt9o CulZr02 reduced at
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Fig. 9 Fourier transforms of k3x(k) for 1 wt9o CulZr02 reduced
at 373, 523, and 673K in a steam of 1 9o COIHe for 14 h.
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various temperatures for 14 h. After the treatment at 373 K the reduction process
at the lowest temperature in the TPR profile is considered to be completed. A
shoulder peak at 8981 eV and aweak hurnp at 9013 eV appeared, accompanying a
disappearance of the ts - 3cl pre-peaki8,i9 observed at 8977 eV characteristic to
Cu2' species in the oxidized states (Fig. 3), Furthermore, a post-edge peak at 9002
eV characteristic to CuO was not observed in the XANES speetrum. These spectral
features are attributed to the formation of Cu+ species.i8,i9 Consequently, it is
concluded that a majority of Cu2+ species in 1 wt9o CulZr02 is reduced to Cu'
species at 373 K, The relatively weak intensity of the post-edge peak at 8981 eV
may be due partly to a formation of tetrahedrally coordinated Cu' speciesi8 and
partly to a superposition of the XANES spectra of the Cu' and Cu2' species. As
stated below, 239o of the Cu species is expected to remain in a Cu2' state as CuO.
Very recently, on the basis of an FT-IR study of CO adsorption, Centi et al,20
reported a formation of Cu+ species on a 1 wt% Cu/Zr02 sample evacuated at a high
temperature,
   After the reduction at 523 K, the XANES of 1 wt9o Cu/Zr02 turned into that
characteristic to Cu metal (Fig. 4). No further change in the spectrum of Cu K-edge
was observed by the reduction at 673 K. It is concluded that the Cu2' species in
1wi9e CulZr02 are reduced at a lower temperature than 523 K to Cu metal
particles. This is consistent with the estimation from the TPR results in Fig, 7 that
the reduction of Cu2' to CuO is completed up to 523 K.
   Figure 9 shows the Fourier transforms of h3-weighted EXAFS functions for
lwt9o Cu!Zr02 reduced at various temperatures for 14 h, corresponding to the
XANES spectra in Fig. 8, After the reduction at 373 K, no Cu-Cu bondings due to
Cu metal appeared in agreement with the conclusion of a partial reduction of Cu2'
to Cu', It is considered that the resultant Cu' species are highly dispersed. The
Fourier transform in Fig. 9 for CulZr02 reduced at 523 or 673 K shows a peak at
O.22 nm ascribed to Cu-Cu bondings. The Cu-Cu bond distance was calculated to be
O.255 - O.256 nm (Table 1), obviously indicating the formation of metallic Cu species
(Cu-Cu bond distance: O.256 nm) in agreement with the XANES results in Fig. 8,
The presence ofthe Cu-Cu bondings of the second and third coordination spheres in
                                   -165-
  the Fourier transforms for Cu!Zr02 reduced at 523 or 673 K indicates a formation
  of Cu metal particles, The fact that the coordination number of the Cu-Cu bondings
  at O.256 nm for 1 wte/e CulZr02 reduced at 673 K is Iarger than that reduced at 523
  K suggests an increase in the Cu metal particle size with the increase in the
  reduction temperature.
    On the basis of the XANES and EXAFS results, it is concauded that with 1 wt9o
 CulZr02 the TPR peak at 373 K is ascribed to the reduction of the Cu2' species in
 an octahedral syrmnetry to highly dispersed Cu" species and that the peak at 443 K
 is attributed to a subsequent reduction of the resultant Cu' species to CuO species,
 The size of the metallic Cu particles increases with increasing reduction
 temperature.
    In the case of lwt% CulZr02, the TPR peak at 443 K is larger by 60 9o than that
 at 373 K This is considered to be a result of a superposition of the reduction peak of
 CuO extending at 473 -523 K and that of the Cu" species at 443 K, in conformity
 with an asymmetry of the reduction peak toward a higher temperature. The 609o
 higher intensity of the TPR peak at 443 K than that at 373 K indicates that 779o of
 the Cu2+ species in 1 wt9o Cu/Zr02 is the interaction species in an octahedral
 syrnmetry and the rest is present in a form of CuO. As clearly revealed by the TPR
 results in Fig. 7, the amount of octahedral Cu2+ species is not increased at5 wt9o
 CulZr02, suggesting that the maximum amount of the octahedral Cu2' species is
 1.2 Å~ 10'4 mol Cu gl or 2.9 Å~ 1014 Cu atoms cm"2. The TPR peak intensity ratio for
O,5wt9o CulZr02 indicates that 939e of Cu2' (O.74 Å~ 10-4 mol Cu gl) is in an
octahedral symmetry. The high reducibility of the octahedral Cu2' species is
considered to be caused by interactions with the Zr02 surface and resultant
extremely high dispersions ofthe species. The consumption of surface OH groups on
the formation of the Cu2' speciesiO indicates the formations of Cu2'-O-Z"'
bondings. The low temperature reduction of the Cu2+ species may result from a
high reactivity of Cu2'-O-Zr4" bondings toward CO due to a high polarizability of
the bondings. The relatively high thermal stability of Cu' species may be induced
by the interactions with Zr02 surface oxygens.
   Taking into consideration the TOF (Fig. 2) of the Cu/Zr02 catalyst for the NO-
CO reaction at 473 K, it is considered that highly dispersed Cu2+ species in an
octahedral symmetry show the high catalytic activity for the reaction, In addition,
the temperature at which the activity generates for the NO-CO reaction is in
accordance with the temperature at which CuO species are formed at the expense of
the Cu' species. The TOF of the reaction was evaluated on the basis of the amount
of the Cu2+ interaction species for O.5 and 1 wt9o CulZr02, resulting in essentially
the same TOF values, 9.7 Å~ 10"3 s'i and 10.2 Å~ 10'3 s-i, respectively. Consequently,
it is concluded that highly dispersed CuO species derived from the interaction
species on CulZr02 exhibits a high catalytic activity for the NO-CO reaction at a
low temperature and that the limited number of active CuO species (2.9 Å~ 1014 Cu
atoms cm-2) results in the decrease of the TOF, calculated on the basis of the total
Cu content, with increasing Cu loading. The lack of the low temperature activity of
CuO species is well rationalized by the difficulty in the reduction by CO at the low
reaction temperature, since the NO-CO reaction proceeds via a redox mechanism.iO
The gradual activity decrease in Fig. 2 at a Cu content exceeding 1 wt9o may be due
to a formation of CuO over]ayers on the Cu2+ species interacting with the Zr02
surface.
Conclusions
  The structure and reduction behaviors of Zr02-supported Cu species were
characterized by XANES, EXAFS, and TPR techniques. The salient findings in the
present study are as follows.
[1] Highly dispersed Cu2' species, interacting with a Zr02 surface and in an
octahedral symmetry, dominate at a lower Cu content than 1 wt9o and the amount
of the Cu2' species, 2.9 Å~ 1014 Cu atoms/cm2, is saturated at 1 wt9o Cu, On the
other hand, CuO is exclusively formed at a Cu content exceeding 1 wt9e.
[2] The highly dispersed Cu2" species are reduced by CO at a much lower
temperature than CuO, producing highly dispersed Cu" species at 373 K and
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subsequently forming highly dispersed CuO species at 443 - 453 K.
[3] A high catalytic activity ofCulZr02 for NO-CO reactions at a low temperature is
brought about by the highly dispersed CuO species generated by a low-temperature
reduction ef the Cu2' species interacting with the Zr02 surface.
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Structural Study of Molybdenum Bronzes: XAFS Study for Analysis of Local
Structure around Mo ions
Abstract
  Hydrogen molybdenum bronzes, Hb.21Mo03 (type I) and Hb.glMo03 (type II) were
characterized by means of Mo K-edge XAFS spectroscopy. XANZES specetra showed
that type I has an axially syrnmetric Mo06 unit which is mainly conncted to each
other with vertices sharing and a Mo06 unit in type II are similar to that in Mo02.
EXAFS spectra suggested that the MoOx sheet in type I is similar to Mo03 while in
type II, a MoOx sheet is sirnilar to that in rutile Mo02 in which Mo06 is conneced to
form a chain by sharing the edges of opposite sides. The curve fitting analysis of Mo-O
bonds for type I supported the earlier results obtained from diffraction and IR
methods; Mo06 unit has C4, symmetry. In case of type II, D4h structure is possible
and hydrogen is captured by Mo=O bonds resulting in the formation ofMo-OH bonds.
-171--
1. Introduction
  Hydrogen molybdenum bronze, HIMo03, is classified to four phases depending on
included hydrogeni; type I (orthorhombic) O.21 Åq x Åq O.42, type II (monoclinic) O.85 Åq x
Åq 1.04, type III (monoclinic) 1.55 Åq x Åq 1.72 and type IV (monoclinic) x = 2. [I]ype I has
a layered structure in which a layer consists of twe MoO. sheets. The Mo06 units
connecting to each other with vertices (corner) shambg in the sheet have been
proposed to be in an axially symrnetric moiety deduced from the result of infrared
absorption (IRyst4 and iH NMR5 studies. The other monoclinic phases are not fully
characterized. The present paper is devoted to analysis of the local structure of
hydrogen molybdenum bronzes types I and II by means of Mo K-edge XAFS
spectroscopy.
2. Experimental
  Types I and II were prepared by reduction of Mo03 in an acidic media according to
the Glemser's method,i The formation of types I and II are confirmed by XRDi and
the hydrogen contents were x = O.21 and x =O,91, respectively,3
  XAFS spectra were taken by EXAFS facility installed on BL-10B at Photon Factory
(ring energy 2.5 GeV and stored current 360-270 rnA) in National Laboratory for High
Energy Physics, Tsukuba (Proposal No. 94GO02) with a Si (311) channel cut
monochromator. The data reduction was performed6 at the Data Processing Center of
Kyoto University.
3. Results and Discussien
3.1 XANES spectra
  Figure 1 shows normalized XANES spectra of the samples and some reference
complexes. For XANES spectrum of type I, the pre-edge peak due to ls to 4d
transition is seen and the intensity is almost the same as that of Mo02(acach with
D4h symmetry, in which four O atoms from acetylacetonato groups are located at
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Fig. 1 Normalized Mo Kedge XANES spectra of (a) type I,
(b) type II, (c) Mo03, (d) Mo02(acach, and (e) Mo02.
Energy offset is taken to be 1996.0eV,
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Table 1 Curve-fitting results of Mo-O in the samples.*




















*The empirical parameters from K2Mo04 were used.
 The values in parentheses are standard deviation.






























Fig. 2 Fourier transformed EXAFS
(a)-(e), see captions to Fig, 1.
of Mo compounds.
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square apexes and two O atoms of molybdenyl are at the vertical axis. The pre-edge
peak intensity is Iower than that ofMo03 in which a Mo ion is located at the center of
a much distorted oxygen octahedron, indicating that Mo ions in type I is located at the
center ofhighly symmetric moiety. Twin peaks at post-edge regions are found at the
sirnilar positions to that found in the case of Mo02(acach although the intensities are
slightly different. This is possibly due to the positions ofaxial O atoms as Sotani et al.
reported2,3; i.e., in type I with C4. symmetry, one O at an axial position is of a Mo=O
bond and the other is a bridging oxygen. On the other hand, the spectrum of type II is
totally similar to that of Mo02 of rutile structure. The pre-edge peak for Mo02 was
almost missing this is mainly due to the valence of Mo in an axial synunetry. The
weak shoulder peak due to ls to 4d transition for type II reveals that Mo is }ocated at
a more symmetric center than that of type I andlor Mo is partly reduced from
hexavalence, Type II, Hb.glMo03, has a molybdenum ions the formal charge of which
is almost 5+.
3.2 EXAFS Spectra
  Figure 2 shows Fourier transforms of h3-weighted EXAFS speetra. The peaks
found in a region 1-2 A are due to the scattering from adjacent O atoms in all spectra.
As found in the cases of Mo02 and Mo02(acacle, the complex with small divergency of
Mo-O bonds exhibits intense peaks. From this point of view, Mo-O divergency is high
in the cases oftypesIand II. The peaks found at2-4A are due to the scattering frorn
adjacent Mo atoms, In case ofMo03, Mo06 units are linked with edges and vertices
sharing and the nearest Mo-Mo distances are diverging resulting in the weak
                         ointensities in the region 2- 3 A. Therefore contribution of Mo-Mo scattering is mainly
due to the adjacent Mo ions in Mo06 unit connecting with vertices sharing. This type
of MoO. sheet is similar to that of type I. On the other hand, Mo02 of a rutile
structure has a regular Mo-Mo atomic distances 2.51 and 3.51 A, which is reflected to
                                 otwin Mo-Mo peaks in the region 2-4 A, The same feature can be seen for the case of
type II, suggesting that Mo06 unit in type II is connected to each other with not only
vertices sharing but also edge sharing as found in the rutile structure,
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  The curve fitting analysis was carried ouge for the Mo-O bonds and the resu}t are
given in Tab}e 1. In case of type I, the presence of three kinds Mo-O was eoncluded.
The shortest is possibly due to Mo=O which faces to the interlayer and four O atems
are located in the sheet. The longest is due to the O atoms at the opposite vertex of
Mo=O. The result is well consistent with that deduced frorn IR analysis.2,3 ln case of
type 1, two shell fitting gave the satisfactory result. The longer Mo-O bonds are
equatorical. The shorter were axial corresponding to Mo=O in type I. The elongation of
this bond is caused by the H intercalations resu}ting in the formation of Mo-OH.
Therefore, D4h structure for a Mo06 unit as in the case of Mo02(acach is very likely.
The strucure is basically the same as that found in Me02,
   From the results mentioned above we concluded the structure of type I and type II
as follows, [[bTpe I has a layered structure in which MoO. sheet similar to that in
Mo03 and the Mo06 unit is more regular symmetric (C4v). This is well consistent with
the earlier result from diffraction technicsit7,8 and IR.2,3 In type II, MoO. sheet is
similar to that in Mo02 in which Mo06 is conneced to form a chain by sharing the
edges of opposite sides,
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  The author applied XAFS and UV-VIS spectroscopy to the characterization of
catalysis systems, i.e., Mo-Mg binary oxides for metathesis of olefins (described in
'' part I") and Ti02-supported Cu for reduction of NO (described in ''part II"). The main
results are summarized as follows.
    In chapter 1, the Iocal structure around Mo ions including Mo-Mg binary oxides in
oxidized and reduced states has been clarified by XAFS of Mo K- and Mg K- edges,
and the relationship between the structural change in the bulk phase and generation
of active species for propene metathesis is discussed. XANES and EXAFS spectra
show that the binary oxides have a tetrahedral Mo04 unit in the oxidized state with a
lower Mo ratio than O.5, and an octahedral Mo06 unit exists mainly in the oxidized
state with a higher ratio, By H2 treatment at 773K Mo ions in a molybdena-rich
samples, which exhibit a metathesis activity, are easily reduced to forrn Mo02 phase,
This Mo02 phase can not be detected by XRD but be observed by EXAFS, indicating
that the Mo02 phase is highly dispersed. It is concluded that a dispersed Mo02 phase,
which exists as a small particle in the bulk, strongly relates to the active speeies for
metathesis.
   In chapter 2, the characterization of molybdena species in near-surface region is
carried out by means of Mo L3-edge XANES and diffuse refiectance UV-V[S
spectroscopy. It is revealed by L3-XANES spectra of reference compounds that the
local symmetry around Mo ions as well as the valence state affects the spectral
feature of XANES. In addition, a molybdenum bronze sample is suitable for reference
because it has an axially symmetric Mo06 octahedron. And thus, detailed structural
analysis ofmolybdenum bronzes is proposed, as described in appendix section, The L3-
XANZES is applied for characterizing surface molybdena species of oxidized 1 reduced
Mo-Mg binary oxides. For the samples in the oxidized state, the Mo04 tetrahedra
exisbs in the whole Mo ratio, and Mo06 octahedra is present partly in molybdena-rich
samples. In case of molybdena-rich samples in the reduced state, the tetrahedral
species remains but reduced Mo ions including Mo02 species are also formed. These
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 results are supported to those by UV-VIS spectra. The forrnation of Mo02 species by
 H2 treatment more definitely in the bulk than in near-surface. It is concluded that the
 active species for metathesis reaction relates to the formation ofMo02 phase not only
 in the bulk but also in near-surface region.
   In part I, it is summarized that dispersed Mo02 species is formed by H2 treatment
in both the surface region and the bulk phase, and this species acts as an active
species. In the viewpoint ofcharacterizing the binary oxide catalysts, it is important
to compare the infonnations between in the bulk and in the surface region, because
not only surface property but also crystalline phases in the bulk affect the catalytic
activity. The structural analyses of Mo-Mg binary oxides by using XAFS and uv-VIS
spectroscopy give a direct information in bulk or surface region, which is necessary to
clarify the catalysis systems. More detailed characterization about the catalytic
mechanisms of metathesis reaction is called for,
   In chapter 3, the reactivity of NO reduction with H2 over Ti02-supported Cu
catalysts (calcined at 773K) are proposed using a closed reaction system, and the
active species are characterized. It is found at first that Cufl]i02 pretreated with H2 at
473K exhibits higher activity for the conversion of NO at low temperatures than Cu
supported on other supports. NO is reduced to N20 in the reaction at 303K, and the
conversion to N2 is accelerated above 323K In the process of the reduction, the NO is
converted to N2 directly, and the conversion to N2 via N20 is partly. The catalytically
active species are characterized by means of Cu K-edge XANES, UV!VZIS and ESR
spectroscopies. It is summarized; (1) The treatment of the sample with Hll at 473K
bmbgs about the formation of Cu metal particles and promotes the reduction of Ti
ions. (2) The extent ofthe reduction of Ti02 supporting Cu is much higher than that of
Ti02 itselÅí (3) NO has a role for oxidizing both Cu and Ti ion even at room
temperature. On the other hand, H2 has a rele for reducing both ions. The active Cu-
species is CuO particle with a Cu metal core. In these results, it is suggested that the
catalytically active Cu species for NO reduction is stabilized as a dispersed metal
particles. The detailed characterization is described in the next chapter.
  In chapter 4, the active species of Cu supported on Ti02, which were prepared by
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impregnation with cupric nitrate and acetate, is investigated by means of Cu K-edge
XAFS. It is found that the CulTi02 prepared from acetate exhibits a }onger catalytic
1ifetime than that from nitrate. The results of structural analyses by means of XAFS
and UV-VIS spectroscopy are summarized; (1) the H2 pretreatment of the Cu!Ti02
samples at 473K brings about the formation of CuO micro particles with several
hundred Angstroms of particle size. e) From the results of coordination nurnbers
obtajned by EXAFS analysis, the Cu particle on Ti02 prepared from cupric acetate is
more stable than that from cupric nitrate for the reaction. (3) By means of UV-VIS
spectroscopy, the presence ofoctahedrally coordinated Cu2+ is observed and Cu+ is not
found definitely in CulTi02 after the reaction. Thus, it possibly deduced that
coexistence of CuO and Cu2+ relates to generate the active species. By means of
E]XLAFS studies, suitable particle size of Cu metal leads to the active center. It
suggests that the redox performance is enhanced by other effect (such as SMSI) in the
catalytic system of CuO/']?i02. However, how metal species (and oxidized Cu2+) play a
role for an active center forNO reduction is now in progress.
   In chapter 5, the catalytic activities ofCu!ri02 is studied for NO-CO reaction using
a fixed bed fiow reaction system as a function of the calcination temperature, Cu
content, and origin of TI02. It was found that Cu-Ti02 interaction species were
responsible for a catalytic activity at a Iow temperature (413K). It is noted in 1 wt%
Cu/Ti02 that higher calcination temperature gives the higher activity for NO-CO
reaction. In addition, the sample prepared from cupric acetate exhibits the higher
activity for the reaction than that from other precursors. It is suggested by means of
XAFS and TPR that a rutile phase of Ti02 is very effective for the formation of the
catalytically active Cu-Ti02 interaction species in an octahedral symmetry. From the
results in chapter 4, 5, and 6, the active species for NO reduction is not also Cu metal
species but also other Cu species which is strongly interacted with Ti02 support. In
addition, many deNOx catalysts containing a Cu' ion exhibit a high activity, as
described in introduction of part II, It suggests that a few effects bring about the
stabilization of active Cu species by interaction between Cu and Ti02-support.
T[herefore, the characterization must has been continued in order to clarify the role of
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 Cu in CulTi02 for NO reduction.
    In chapter 6, the structure and reduction behaviors ofZr02-supported Cu species
 were characterized by XANES, EXAFS, and TPR techniques. The salient findings are
 summarized; (1) Highly dispersed Cu2' species interacting with Zr02 exist as an
 octahedrally coordinated. C2) The dispersed Cu2' species are easily reduced by CO at a
 much lower temperature than CuO. The reduced Cu on Zr02 is formed highly
 dispersed Cu' species at 373K and subsequently formed highly dispersed CuO species
 at ca. 350K. (3) A high activity for NO-CO reactions at a low temperature is brought
 about by the highly dispersed CuO species formed by a low-temperature reduction of
 the Cu2' species interacting with the Zr02 surface. These phenomenoma is similar to
 that in CulTi02, However, the interaction between Cu and Zr02-support is still
 unclear as weil as that of Cu/Ti02. In the study of this section, the enhancement of
 redox perforrnance of Cu ions is proposed by the effect ofZr02 support. To clarify this
effect, the structural analysis has been studyingnow by XAFS and other spectroscopy.
   In part II, the XAFS and UV-VIS spectroscopy is applied to characterizing
catalytically active Cu species. The EXAFS anaiysis at Cu K-edge is relatively difficult
to obtain a definite parameters such as coordination numbers and bond lengths,
because several types ofCu-O and Cu-Cu bonds exist generally. However, the XA NES
can be used for determination of the valence of Cu ions, because post-edge peak
strong]y reflects to the valence. In addition, XAN ES is more appropriate technique to
      'detect a Cu' ion than using other spectroscopy. VV-VIS can be detected the bands due
to dd transition ofCu2+ and the vibration offree electrons in Cu-metal micro-particle.
Thus, UV-VIS is one of the useful technique for characterizing Cu-based samples
widely. Both XAFS and UV-VIS techniques gives the definite structural information
of Cu species. By characterization of catalytically active Cu species during the
reaction, the redox performance of Cu ions can be clarified. In CulTi02 and CulZr02
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